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FOREWORD 


*'i8  report  was  prepared  by  Monsanto  Research  Corporation  under 
DJXk?  Contract  No.  AP  53(657) -8193,  The  contract  was  initiated 
under  Project  No.  3048,  "Aviation  Fuels",  Task  No.  304801, 
"itydrocarbon  Fuels" .  The  program  was  administered  under  the 
direction  of  the  Air  Force  Aero  Propulsion  Laboratoi?:'’,  Research 
and  Technology  Division.  Mr.  Jack  Fultz  was  project  engineer. 


This  report  covers  work  done  from  15  November  I962  to  15  November 

1963. 


The  work  was  directed  for  Monseuito  Research  Corporation  by  Dr. 
Bela  M.  Pabuss  under  the  general  siqpervislon  of  Dr.  John  0.  Smith 


ABSTRACT 


The  decomposition  and  particle  formation  of  28  naphthenic  and  8 
paraffinic  hydrocarbons  were  studied.  The  decomposition  was  approx¬ 
imately  a  first-order  kinetic  process,  although  a '•If -acceleration 
was  observed  with  most  monocyclic  hydrocarbons  and  self -Inhibition 
was  observed  for  polycyclic  hydrocarbons.  Press'ire  increased  the 
decomposition  rate. 

A  detailed  study  of  the  effects  of  organosulfur  contaminants  was 
made.  These  contaminants  Inhibited  the  cracking  of  naphthenes 
and  straight -chain  paraffins  and  accelerated  the  cracking  of 
branched  paraffins.  An  Increase  In  contaminant  concentration 
and  an  Increase  In  the  number  of  methyl  substituent  groups  on  a 
hydrocarbon  Increased  this  effect. 

Several  binary  hydrocarbon  mixtures  were  cracked.  The  component 
hydrocarbons  did  not  crack  Independently.  Nevertheless,  the  de¬ 
composition  rate  of  the  mixture  could  be  predicted  assuming  no 
mutual  interference  In  decomposition. 

The  micro-coker,  a  new  small-scale  device  for  studying  decompo¬ 
sition  and  deposit  formation  In  a  flow  system,  was  developed. 

This  technical  documentazy  report  has  been  reviewed  and  is 
fi^pproved. 
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I.  INTROSPCTIOW 


The  study  of  the  thensal  decomposition  of  hydrocarbons  acquires 
great  scientific  and  technical  Importance  because  of  the  In¬ 
creasingly  great  demands  for  thermal  stability  In  hydrocarbons 
during  use. 

Data  available  In  this  area  of  research  permit  a  preliminary  pre¬ 
diction  of  the  thermal  stability  of  various  groiq>8  of  hydrocarbons, 
and  they  also  give  certain  Information  about  the  selection. of 
fuels  and  the  purification  methods  reqtalred  to  obtain  fuels  of 
is^roved  thermal  stability.  The  basic  objective  of  this  program 
was  to  obtain  further  reliable  Information  about  the  decomposition 
of  pure  hydrocarbons,  to  Investigate  the  rates  of  decomposition 
and  solid  deposition  or  particle  formation,  and  to  detemlne  the 
mechanism  by  which  hydrocarbon  fuels  undergo  thermal  decooqposltlon. 
Individual  pure  hydrocarbons  were  studied  to  assemble  sufficient 
data  to  correlate  structure  with  manifestations  of  thermal  In¬ 
stability. 

Effects  of  fuel  contaminants  were  examined  to  establish  their 
effectiveness  both  In  prcmiotlng  and  Inhibiting  decomposition  pro¬ 
cesses.'  Of  the  possible  contaminants  In  a  hydrocarbon  fuel, 
organosulfur  compounds  are  not  only  the  most  prevalent  but  also  . 
appear  to  have  the  greatest  effect  on  the  decomposition  rate. 

The  effects  of  these  compounds  as  hydrocarbon  contaminants  were 
studied  In  detail. 

A  further  objective  of  the  project  was  to  find  means  for  quanti¬ 
tatively  predicting  the  decomposition  behavior  of  a  hydrocarbon 
mixture  using  the  basic  knowledge  compiled  for  the  decomposition 
of  the  pure  hydrocarbon  ccanponents.  Several  binary  hydrocarbon 
mixtures  were  cracked  experimentally  to  test  the  predictability 
of  their  decompositions. 

A  sm€^.l-scale  dynamic  decomposition  reactor,  the  micro-coker,  was 
developed.  This  equipment  permits  Investigation  In  situ  of  the 
decomposition  deposits  (coke)  that  form  on  the  hot  metal  surfaces 
of  Its  cracking  zone. 


Manuscript  released  by  authors  2k  October  I963  for  publication 
as  an  ASD  Technical  Doctmientary  Report. 
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II.  SUMMARy  AND  CONCEOSIONS 

An  analysis  of  the  experimental  data  on  themal  decomposition  of 
various  saturated  cyclic  hydrocarbons  indicated  that  the  d3com» 
position  is  approximately  a  fint-order  kinetic  process.  Ik>w- 
ever«  a  self -acceleration  was  observed  in  the  decompositic^  of 
most  of  the  monocyclic  hydrocarbons.  Both  fused  and  non-fused 
polycyclic  naphthenic  hydrocarbons  generally  snowed  a  self- 
inhibiting  behavior.  Paraffinic  hydrocarbons,  on  the  other  hand, 
showed  no  deviation  from  a  first-order  kinetic  decon^osition 
process . 

Pirassure  was  found  to  increase  the  deccmposition  rate  of  the 
paraffinic  and  cyclic  hydrocarbons  investigated. 

Methods  for  estimating  decomposition  rates  under  the  present 
experimental  conditions  were  devised  for  both  paraffinic  and 
non -paraffinic  saturated  hydrocarbons.  An  eqpproximate  correla¬ 
tion  of  the  rate  of  particle  formation  with  chemical  structure 
and  decomposition  rate  indicates  that  decalin  and  cyclohexane 
derivatives  are  the  more  stable  of  the  hydrocarbon  types  studied. 

Organosulfur  contaminants  were  added  to  various  hydrocarbons  and 
the  effects  on  decomposition  rate  were  noted.  Cracking  of  naph¬ 
thenes  and  straight -chain  paraffins  was  inhibited.  Cracking  of  tl 
branched  paraffins  was  accelerated.  The  effect  of  the  sulfur 
contaminant  was  increased  by  Increasing  the  decomposition  tem¬ 
perature,  the  contaminant  concentration,  and  the  number  of  methy! 
groups  on  the  hydrocarbon.  Particle  formation  was  commensurate 
with  the  degree  of  decomposition.  The  type  of  organosulfur  com¬ 
ponent  did  not  seem  to  be  of  primary  Importance.  Thiophenol  was 
roughly  equivalent  to  t-butyldisulfide.  Air  in  the  reaction 
tubes  caused  increased  particle  formation  when  cetane  was  crackec. 
with  a  sxilfide-type  contaminant,  but  no  other  Instances  of  such 
synergetic  behavior  were  observed. 

Several  binary  mlxtiires  of  hydrocarbons  with  widely  differing 
structure  were  cracked,  ^e  components  did  not  crack  inde¬ 
pendently.  Instead,  their  reaction  chains  Interacted  resulting 
in  a  change  of  deccmposition  rate  for  each  Individual  hydrocar¬ 
bon.  The  more  stable  component  became  less  stable  and  vice  verst 
It  was  observed,  however,  that  the  extent  of  cracking  (or  rate 
of  decOTq;)osition)  could  be  predicted  very  well  assiunlng  Independt 
non-interfering,  first-order  decomposition  of  each  component. 

Only  the  decomposition  rates  of  the  individual  pure  hydrocarbons 
need  be  known  to  predict  the  rates  for  the  various  blends. 

The  development  work  on  the  micro-coker  was  conpleted.  This  new 
device  permits  the  study  of  hydrocarbon  decomposition  under  flow 
conditions  in  the  presence  of  metal  surfaces.  The  micro-coker 
results  are  reproducible,  and  evaluation  of  decomposition  of  a 
series  of  hydrocarbon  fuels  gave  satisfactory  experimental  resull 


III.  EXPERIMENTAL  MEmOD 

"Pure"  Iwdrocarbons,  as  received,  were  passed  through  fresh  silica 
gel  and/or  activated  coconut  charcoal  and  filtered  through  0.45- 
micron  Mllllpore  filters.  The  purity  of  the  hydrocarbons  was 
Judged  primarily  fz*om  vapor  phase  chromatograms.  In  several  cases, 
when  Impurities  were  not  removed  by  the  adsorption  treatment,  the 
material  was  fractionated.  Final  samples  were  stored  In  glass  con¬ 
tainers  near  0”F.  Table  1  lists  the  compounds  studied  and  the 
estimated  minimum  purity.  In  some  cases,  several  Isomers  were 
present  and  the  minimum  purity  Is  taken  to  be  the  sum  of  the  areas 
of  the  several  neighboring  peaks,  each  presiunably  representing  one 
Isomer.  Table  1  lists  the  number  of  components  present  as  Indi¬ 
cated  by  the  number  of  peaks  In  the  chromatogram  and  also  the 
area  of  the  main  peak  as  a  percentage  of  the  total. 

Thermal  decon^osltlon  rates  were  measured  primarily  In  a  static  test 
apparatus.  From  1.26  to  1.5  ml  of  the  hydrocarbon  was  placed  In  a 
Pyrex  glass  tube,  the  quantity  of  hydrocarbon  belt^  adjusted  so  as 
to  constitute  In  each  case  39.3^  of  the  tube  volume.  All  samples 
were  degassed  by  alternate  freezing  and  thawing  under  vacuum,  and 
the  tubes  were  then  sealed  under  vacu\un.  They  were  preheated  to 
500®F  and  then  subjected  to  the  reaction  temperature  (700,  750.  800, 
or  850®P)  for  periods  from  1  to  over  100  hours.  All  hydrocarbons 
were  studied  at  800*P,  and  some  at  the  other  temperatures  to  deter¬ 
mine  the  effective  activation  energy.  Prom  4  to  26  runs  at  dif¬ 
ferent  reaction  times  at  800®P  for  each  hydrocarbon  gave  the  order 
of  the  reaction.  The  per  cent  conversion  was  determined  by  vapor 
phase  chromatographic  (VPC)  measurements,  with  corrections  being 
applied  corresponding  to  loss  of  gaseous  products  when  sample  tubes 
were  opened. 

Some  studies  were  also  made  In  a  stainless  steel  (type  304)  high 
pressure  Isotenlscope  (ref.  2)  to  determine  the  effect  of  pressure 
on  decomposition.  Further  studies  were  also  made  at  500  pslg  pres¬ 
sure  In  a  micro  flow  reactor  (ref.  2)  that  consisted  of  a  hypodermic 
tube  45  Inches  long  and  0.02  Inch  Inside  diameter.  The  tube  was 
colled,  heated  electrically,  and  held  Inside  a  Dewar  flask  for  heat 
Insulation.  All  runs  were  made  at  one  fixed  Inlet  liquid  flow  rate. 

Detailed  descriptions  of  the  design  and  operating  procedure  for 
this  test  equipment  are  given  In  an  earlier  report*. 
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Table  1 


BOILIKa  POINTS  AND  PURITY  OP  SELECTED  HYDROCARBCaiS 


Boiling 

Vapor  Phase 

CoBDound 

Point, 

Chromatogram 

•y# 

Ei!S0B9Oli 

1  NAPHTHENIC  HYDROCARBONS 

. 

'  1. 

' 

Cyclohexane 

177.3 

99.9+ 

99.9+ 

2. 

Ifethylcyelohexane 

213.6 

99.9+ 

100 

3. 

Ethylcyolohexane 

267 

99.9+ 

100 

4. 

n-Propy Icyc lohexane 

310 

99.5+ 

99.5 

5. 

n-Butylcyclohexane 

353 

99.9 

6. 

*l8oprop7lc7clohexane 

306 

98.4 

7. 

t  -But7 1  eye  lohexane 

337 

99.9 

100 

8. 

T-E  t  1 -4 -ae  th7l 

298 

99.8 

77.6 

9. 

Dleth7le7clohexane  (mixed 

346 

99.8 

44 

laomers ) 

281 

99.8 

63 

1«2,4,3-Tetranieth7lc7cl(^exane 

331 

99.8 

12. 

Decal In 

386 

94.9 

81 

13. 

2«3‘’Dliiieth7ldecalln 

99.9+ 

58.8 

14. 

Ethyldecalln 

438 

'166 

98.7 

64.5 

Iaoprop7ldecalln 

99.9+ 

52.2 

16. 

t-Butyldecalln 

484 

99.4 

78.8 

17. 

%drlndan 

332 

99.8 

87 

18. 

lleth7lhydrlndan 

358 

95.9 

45 

19. 

Eth7lhydrlndan 

396 

99.4 

51 

20. 

l8oprop7lh7(irlndan  (distilled) 

428 

96 

56 

21. 

n-Prop7lc7clopentane 

266 

99.9+ 

99.9+ 

22. 

n-But7lc7Clopentane 

310 

99.99+ 

100 

23. 

5lc7clopentyl 

372 

98.9 

98.9 

24. 

61c7clohex7l 

- 

99.2 

99 

lacprosylblcyclohexyl 

99.6 

% 

26. 

Llcvclohexylmethane 

1 , 3>-D1c7C  lohex7lbu  tane 

486 

99.98 

99.9 

574*# 

95.8 

95.8 

28. 

9-Eth7l -perhy  dro -fimt  hrac  ene 

573** 

99 

99 

1 

PARAPPI 

NIC  hydrocarbons 

29. 

n-Dodecaine 

4l4 

99.5 

99.5 

30. 

Undecane,  3-Beth7l- 

404 

99.9 

99.9 

31. 

Decane,  2,9-dlineth7l- 

392 

100 

100 

32. 

Nonane,  2,4,8-trlaiethyl- 

3564 

98+ 

98 

33. 

34. 

Nonane,  5-n-prop7l- 
Nonsme,  2,2,8,8-tetrainethyl- 

388 

396 

99.9 

99.9 

99.9 

99.9 

n-Hexadecane 

532 

99.0 

99.0 

36. 

n>Nonadeeane 

97.4 

97.4 

, 

^  - - 

Or  50$^  point  of  boiling  range 

Eatlmated  value  (see  ref,  l) 


IV.  THERMAL  DECOMPOSITION  OP  SATURATED  CYCLIC  HYDROCARBONS 

The  objective  of  this  study  was  to  develop  a  general  correlation 
between  rate  of  decomposition  and  molecular  structure  from  measure¬ 
ments  of  the  rates  of  decomposition  of  various  pure  cyclic  saturated 
hydrocarbons  chosen  to  represent  the  major  structural  groups  with 
varying  degrees  of  substitution. 

A.  CALCUIATION  OP  RATE  CONSTANTS 

For  each  hydrocarbon,  a  plot  of  the  logarithm  of  the  mole  fraction 
of  Initial  hydrocarbon  remaining  versus  time  showed  roughly  a 
straight  line;  l.e.,  the  decomposition  Is  a  first-order  kinetic 
process,  to  a  first  approximation.  However,  the  first-order  rate 
constant  Is  a  function  of  degree  of  conversion  for  a  substantial 
fraction  of  the  compounds  studied.  Table  2  summarizes  the  experi¬ 
mental  resTilts  from  the  studies  In  the  static  test  apparatus  at 
8CX)*P.  The  first  two  col\mins  of  data  give  the  range  of  per  cent 
conversions  studied  and  the  ntmiber  of  runs  made  on  each  compound. 

The  data  scattered  somewhat  for  a  niamber  of  the  compounds,  so  the 
results  were  analyzed  statistically  to  determine  whether  or  not  the 
variation  of  first-order  rate  constant  with  conversion  was  signifi¬ 
cant.  Two  values  of  the  rate  constant  were  calculated,  as  shown 
In  Table  2.  The  first  Is  the  average  value  for  all  the  runs  made. 
The  second  expresses  the  first-order  rate  constant  In  the  form 

k  “  ICq  +  Ax  (l) 

where  x  Is  the  fractional  conversion,  k©  Is  the  rate  constant  at 
zero  conversion,  and  A  Is  a  constant.  The  values  of  the  const  suits 
In  this  equation  were  determined  from  each  set  of  data  by  the 
method  of  least  squares.  The  P-test  was  then  applied  to  Judge 
whether  the  second  expression  fitted  the  data  better  than  the  use 
of  an  average  value  of  k;  l.e.,  whether  k.  Indeed,  varied  signifi¬ 
cantly  with  conversion.  The  standard  deviation  from  each  of  the 
two  methods  of  representing  k  was  calculated.  In  general.  If  the 
standard  deviation  from  the  average  rate  constant  substantially 
exceeds  that  from  the  linear  expression  for  k,  the  P-test  Is  posi¬ 
tive  as  shown  In  the  table.  If  the  ntamber  of  experiments  Is  very 
small,  however,  the  standard  deviation  of  the  value  of  k  from  the 
linear  expression  may  be  substantially  less  than  the  standard 
deviation  from  the  average  value  of  k,  and  yet  not  make  the  P-test 
positive.  This  occurs,  for  example,  with  dlraethyldecalln.  Al¬ 
though  the  data  strongly  Indicate  a  self -Inhibition  effect,  the 
effect  Is  not  within  the  955^  confidence  level.  Borderline  cases 
are  designated  by  both  a  plus  and  minus  sign.  Where  the  effect 
of  conversion  on  the  first-order  rate  constant  Is  significant,  a 
positive  value  of  A  Indicates  self -acceleration  of  the  reaction, 
and  a  negative  value,  self -Inhibition. 
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Cyclohexane  and  Its  derivatives  were  studied  In  greatest  detail. 
Cyclohexane  and  its  methyl  derivatives  showed  self -acceleration, 
but  the  ethyl,  dl-ethyl,  and  t -butyl  derivatives  showed  self- 
Inhlbitlon.  With  the  other  derivatives,  little  effect  of  conver¬ 
sion  was  noted.  Decalln  and  all  Its  hcmologs  showed  self -Inhibit  Ion, 
even  thoiigh  the  Inhibition  with  the  1-ethyl  and  dimethyl  deriva¬ 
tives  did  not  lie  within  955^  confidence  limits,.  All  of  the  hydrin- 
dans  seemed  to  show  self -Inhibition  although  the  confidence 
level  was  again  found  only  for  the  methyl  and  ethyl  derivatives. 

The  n-butylcyclopentane  showed  a  very  rapid  self -acceleration,  but 
the  n-propyl  derivative  did  not.  Blcyclopentyl  showed  rapid  self¬ 
acceleration,  but  blcyclohexyl  showed  no  effect  of  degree  of  con¬ 
version.  With  a  few  of  the  compounds  studied,  e.g.,  some  of  the 
cyclohexanes  and  the  last  four  compounds  In  Table  2,  the  nximber  of 
runs  or  the  conversion  range,  or  both,  were  Insufficient  to  estab¬ 
lish  very  clearly  whether  a  significant  effect  of  conversion  on  the 
reaction  rate  occurred. 

Figures  1  and  2  show  experimental  data  for  two  coo?>ounds  In  which 
self -acceleration  and  self -Inhibition,  respectively,  are  statis¬ 
tically  significant.  The  straight  lines  through  the  experimental 
points  were  calculated  by  the  method  of  least  squares  and  the 
dotted  envelopes  give  the  955^  confidence  limits  of  the  experimental 
data.  A  complete  sample  calc\ilatlon  la  given  In  the  Appendix. 

There  are  several  reasons  for  the  observed  self -Inhibition.  In  the 
decomposition  of  paraffin  hydrocarbons  (refs.  4,5,6,7>8,9),  In  which 
self-inhibition  Is  generally  observed,  the  cause  Is  believed  to  be 
the  fonnatlon  of  olefins,  which  are  known  to  be  good  inhibitors  of 
free  radical  reactions.  With  decalln  and  Its  derivatives,  the 
stau:*tlng  ”pure”  material  Is  a  mixture  of  els  and  trans  Isomers, 

During  the  decomposition, the  cls-isomer  is  gradually  converted  Into 
the  more  stable  trans-isomer,  as  clearly  shown  by  vapor  pheise 
chromatograms.  Figure  3  shows  this  effect  for  l-eth^  decalln; 
the  starting  material  contained  35* 2$^  trans-  and  64.85^  cls-lsomer. 

The  dashed  line  on  Figure  3  shows  the  composition  path  that  woxild 
be  followed  If  the  two  Isomers  decomposed  at  the  same  rate.  The 
real  path  shows  that  the  concentration  of  trans-lsoner  (based  on 
total  material  present,  reactants  and  products)  goes  through  a 
maximum  with  time,  proving  that  Isomerization  from  cis  to  trans 
Iscmer  was  occurring  simultaneously  with  decomposition  of  both 
Isomers,  An  approximate  calculation  showed  that  the  cls-lsomer 
decomposed  about  2.5  times  faster  than  the  trans-isomer.  Other 
mixtures  of  isomers  would  be  expected  to  show  the  same  effect. 

B.  ACTIVATION  ENERGIES 

When  the  reaction  rate  constant  varies  with  degree  of  conversion, 
the  most  reliable  value  for  the  constant  Is  usually  that  extrapolated 
back  to  zero  per  cent  conversion.  If  the  ratio  of  rate  constants 


7 


FRAMES 


wt  -j^/trans-Ethy 


at  two  temperatures  is  Independent  of  degree  of  conversion,  then 
the  calculated  activation  energy  will  be  Independent  also.  This 
was  found  to  be  so  In  the  present  studies.  If  equation  1  Is 
obeyed,  and  rate  constant  Is  plotted  versus  per  cent  conversion, 
the  data  points  for  each  temperature  will  fall  on  a  straight  line, 
and  the  straight  lines  for  each  temperature  will  have  a  common 
Intersection  on  the  abscissa.  Figure  4  shows  such  a  plot  for 
methylhydrindan,  based  on  15  experimental  points  at  800*P  and  5 
points  each  at  750  and  825 ®P,  respectively.  The  correspcxidlng 
activation  energy  Is  59»600  cal/mole.  Similarly,  by  studies  at 
either  850  or  750 ®P,  with  the  ethyl.  Isopropyl,  butyl,  diethyl, 
and  1,3,5-trlmethyl  derivatives  of  cyclohexane,  activation  ener¬ 
gies  between  59*500  and  63,500  cal/nole  were  found.  Considering 
the  accuracy  with  which  the  rate  constants  are  known  and  the  fact 
that  only  a  50  to  100 *P  temperature  range  was  covered,  the  varia¬ 
tion  of  activation  energy  with  the  nature  of  the  derivative  cannot 
be  regarded  as  significant.  An  average  value  of  61,000  cal/mole 
adequately  represents  them  all.  The  activation  energies  for  cyclo¬ 
hexane  and  decalln  au:*e  63,300  and  64,300  cal/mole,  respectively, 
on  the  basis  of  an  extensive  amount  of  data  available  as  discussed 
below.  The  only  activation  energy  found  that  differs  significantly 
from  the  values  of  60,000  to  65,000  cal/mole  generally  ascribed  to 
hytoocarbon  decomposition  reactions  was  that  for  n -butylcyclopen- 
tane.  On  the  basis  of  three  runs  at  750*P,  sixteen  runs  at  800®P, 
three  at  850®P,  and  two  at  900®P,  the  activation  energy  was 
48,000  cal/mole.  However,  the  n-butylcyclopentane  showed  an  un¬ 
usually  great  Increase  In  fli*st-order  rate  constant  with  degree  of 
conversion,  so  this  unusually  low  apparent  activation  energy  may 
reflect  a  different  overall  decomposition  process. 

Cyclohexane  has  been  the  most  widely  studied  naphthenic  hydrocar¬ 
bon.  Figure  5  shows  the  first-order  deccmposltion  rate  constants 
of  cyclohexane  as  compiled  from  the  literature  (ref.  IO-I6).  It 
Is  not  clear  how  the  constants  of  Jost  and  Muffling  (ref.  10)  were 
calculated,  so  they  are  omitted  from  the  plot.  The  data  of  Schultze 
and  Wassermann  (ref.  11}  are  based  only  on  total  pressure  measure¬ 
ments.  If  we  disregard  Kuchler's  data  (ref.  13 ),  since  his  rate 
constants  at  the  higher  temperature  were  based  on  conversions  of 
only  0.6  and  4  wt-^,  the  remaining  data  fall  on  two  straight  lines 
and  agree  quite  well  with  each  other;  the  lower  line  represents 
studies  at  sub-atmospheric  pressure,  and  the  upper  line,  elevated 
presstires,  primarily  In  the  400-500  pslg pressure  range.  The  equa¬ 
tions  of  these  lines  are: 

at  low  pressures:  log  k  »  17. 532-24. 916  x  10®(l/T)  (2) 

at  high  pressures:  log  k  =  17. 818-24. 916  x  10®(l/T)  (3) 

where  T  Is  expressed  In  ®R,  and  the  corresponding  activation  energy 
Is  63,300  cal/mole  In  both  pressure  regions. 
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Plgure  5.  Arrhenius  Plot  for  Cyclohexane 


Some  of  the  earlier  conpllatlona  of  data  on  rate  constants  of 
hydrocarbon  decomposition  may  contain  values  greatly  in  error, 

C,  EFFECT  OP  PRESSURE  ON  DECOMPOSITK^  RATE 

In  the  sealed  glass  tubes,  pressure  Increased  as  the  hydrocarbon 
decomposed  since  the  products  are  of  lower  average  molecular  weight 
than  tte  starting  material.  The  pressure  to  which  the  hydrocarbon 
was  initially  subjected  at  the  reaction  temperature  and  the  change 
In  pressure  with  degree  of  reaction  depended  upon  the  ratio  of 
llquld-to-vold  volume  In  the  filled  but  unheated  tube.  This  ratio 
had  to  be  kept  fixed  In  order  to  obtain  reproducible  results  If  the 
first-order  rate  constant  was  affected  by  pressure. 

The  effect  of  pressure  on  decomposition  rate  was  studied  In  some 
detail  with  t-butylcyclohexane  with  results  shown  In  Table  5. 

Studies  were  made  In  the  conventional  glass  tubes  at  a  series  of 
ratios  of  llquld-to-vold  volijmes  In  order  to  vary  the  pressure. 

Three  experiments  were  made  In  the  high  pressure  Isotenlscope  that 
pexmltted  pressure  measurements  to  be  made  during  the  decomposition 
process.  For  each  experiment,  the  Initial  pressure  was  calculated 
from  an  estimated  value  for  the  conqpresslblllty.  Table  3  shows  that 
these  were  In  very  good  agreement  with  the  measured  pressures  In 
Isotenlscope  experiments,  except  for  that  with  the  smallest  void 
volume,  which  showed  a  significant  deviation. 

For  each  experiment,  both  the  first-order  rate  constant  of  decom¬ 
position  and  the  Initial  rate  constant  of  decomposition  for  zero 
conversion  were  calculated  from  the  equation  given  In  Table  2. 

k  »  kp“0.0959x  (^) 

Figure  6  shows  the  Initial  rate  constants  as  determined  from  these 
studies  as  a  function  of  calculated  pressure.  The  diagram  confirms 
our  earlier  studies,  which  t  .owed  that  essentially  ho  differences 
are  observed  between  decomposition  rates  of  hydrocarbons  on  contact 
with  Pyrex  glass  and  in  contact  with  304  stainless  steel.  The 
horizontal  arrows  In  the  figure  Indicate  the  Initial  and  final 
pressure  in  the  Isoteniscope  experiments.  It  Is  seen  that  over  the 
pressure  range  studied  (roughly  400  to  1000  pslg),  the  first-order 
Initial  rate  constant  Increased  exponentially  with  pressure.  The 
equation  of  the  line  Is 

log  (ko.lO*)  »  0.583  +  0.886xl0’®P  (5) 

where  P  Is  expressed  In  psla.  According  to  this  plot,  the  Initial 
rate  of  decomposition  doubled  for  a  pressure  Increase  In  this  range 
of  about  340  psl.  An  Increase  In  first-order  rate  constant  with 
pressure  la  found  for  the  decomposition  of  hydrocarbons  In  general. 
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Table  5 

THB  EFFECT  OF  PRESSURE  ON  THE  DECOMPOSITION  OP 
t-BUTYLCYCLOfiEXANE  AT  800*F 


Liquid 
Volume 
at  70*P, 
Vol-4 

Pressure 

Calculated^ 

pal 

laoteniscope 

Studies 

Pressure  Measured 

Conver¬ 

sion. 

wt-i 

!■ 

^0, 

hr“l 

mKSmt 

12.5 

395 

29.6 

0.0585 

0.0869 

13.1 

397 

400 

600 

25.0 

0.0575 

0.0815 

18.8 

501 

38.0 

0.0797 

0.116 

25.0 

552 

38.0 

0.0797 

0.116 

26.3 

561 

555 

980 

30.5 

0.0809 

0.110 

31.3 

622 

47.0 

6.106 

0.151 

37.5 

701 

48.9 

0.112 

0-.159 

39.5 

767 

655 

1510 

26.0 

0.151 

0.176 

43.8 

935 

49.5® 

0.114 

0.163 

40.5 

777 

- 

- 

0.187 

a 

Uncorrected  for  gas  loss 

• 

Ik 
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The  above  result  Implies  that  in  the  standard  glass  tube  experiment 
in  which  the  pressure  Increases  with  per  cent  conversion,  the 
amount  of  reactant  found  to  remain  at  high  per  cent  conversion 
should  be  less  than  that  predicted  from  the  first-order  rate  consta 
obtained  from  data  at  lower  conversions.  The  opposite  actually 
occurred  with  butylcyclohexane.  It  is  clear  that  In  the  standardl2 
tube  experiment,  two  opposing  effects  were  at  work.  The  decrease  1 
rate  constant  with  conversion,  for  reasons  previously  discussed,  wa 
counteracted  by  the  Increase  In  rate  constant  caused  by  the  pressur 
increase.  Whichever  effect  predominated  detemined  whether  a  so- 
called  self-acceleration  or  self -inhibition  was  observed.  A  net 
accelerating  effect  was  found  here  with  only  a  few  of  the  monocycll 
hydrocarbons.  With  polycyclic  naphthenic  hydrocarbons.  In  general, 
the  opposite  effect  was  observed. 

Another  factor  that  may  affect  the  comparison  of  rate  of  decompo¬ 
sition  of  related  compounds  was  the  phase  condition  during  the 
reaction.  For  moat  compounds,  including  all  of  the  cyclohexane 
derivatives,  the  reaction  temperature  of  800 ®P  was  above  the  criti¬ 
cal  temperature.  The  decalln  derivatives,  however,  all  have 
estimated  critical  temperatures  above  800**P,  which.  If  true,  means 
that  a  mixed  phase  was  present  during  reaction  with  possibly  dif¬ 
ferent  rates  occurring  in  the  two  phases. 

A  batch  reactor  such  as  a  sealed  tube  Is  useful  and  reliable  In 
measuring  reaction  rates  when  the  rate  of  reaction  is  sufficiently 
slow  that  temperature  and  other  transients  at  the  beginning  and  end 
of  the  man  are  relatively  unimportant.  In  contrast  to  the  situatior 
In  flow  reactors,  all  the  material  present  is  known  to  be  subjected 
to  the  reaction  temperature  for  the  same  time,  and  generally  Iso- 
thezmal  conditions  are  achieved.  Pressure  changes  during  reaction 
may  Introduce  some  uncertainty  in  interpretation,  as  discussed  above 
and  there  always  remains  the  possibility  of  interaction  between 
products  and  reactants.  To  make  studies  at  higher  temperatures  and 
correspondingly  faster  rates  requires  the  use  of  a  flow  method. 

This  also  provides  a  means  of  checking  on  the  validity  of  the  batch 
studies . 

However,  three  principal  uncertainties  may  be  encountered  In  ob¬ 
taining  and  Interpreting  kinetic  data  In  a  flow  system.  First,  if 
the  reaction  Is  substantially  endothermic  or  exothermic,  temperature 
gradients  may  exist  both  axially  and  radially.  This  factor  was 
essentially  eliminated  In  our  work  by  the  use  of  an  extremely  small 
diameter  reactor  (0,02  inch)  (see  Section  VIII ). 

The  second  uncertainty  concerns  the  flow  and  mixing  pattern  in  the 
reactor.  In  a  tubular  reactor,  plug  flow  is  generally  assumed 
although.  In  fact,  major  departures  from  this  assumption  frequently 
occur.  The  effect  was  analyzed  for  our  reactor  using  the  recently 
published  correlations  of  Levensplel  (ref.  17).  Under  typical 
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reaction  conditions,  the  Reynolds  mjmber  here  was  about  100,  and  the 
Schmidt  number  about  2.  The  Intensity  of  dispersion,  D/ud,  (recip¬ 
rocal  of  the  axial  Peclet  niomber)  was  about  1  (  wl»re  D  la  the 
dlffuslvlty,  u  the  linear  velocity,  and  d  the  tube  diameter),  and 
the  reactor  dispersion  number,  (D/ud)(d/L),  where  L  la  reactor 
length,  was  about  0.00052.  From  the  correlations  of  Levenaplel, 
such  a  reactor  would  be  expected  to  behave  In  Identical  fashion  to 
a  plug  flow  reactor.  In  qualitative  terms,  the  plug  flow  behavior 
of  our  micro  reactor  was  due  to  the  low  Reynolds  number  and  the 
extremely  high  length-to-dlameter  ratio. 

The  third  possible  uncertainty  occurs  If  there  Is  a  change  In 
number  of  moles  during  reaction.  To  determine  true  residence  time 
It  Is  then  necessary  to  have  a  complete  analysis  of  reaction 
products  as  a  function  of  degree  of  conversion. 

Oecalln  was  studied  In  the  micro  flow  reactor  at  a  series  of  tem¬ 
peratures  between  1000  and  1100®P  and  at  a  pressure  of  500  pslg, 
to  obtain  kinetic  data  on  a  hydrocarbon  over  a  wider  temperature 
range.  The  results  are  shown  In  the  form  of  an  Arrhenius  plot  In 
Figure  7#  which  also  Includes  data  from  the  static  testa  and  other 
sources.  Tlllcheev  (ref.  18)  measured  the  rate  of  decomposition 
In  the  425-500®C  (797-952‘’f)  temperature  range,  and  one  experimental 
point  is  given  by  Malinovsky  and  Stoyanovskaya  (ref.  19 )j  but  their 
residence  time  Is  not  clearly  defined.  A  number  of  rate  constants , 
can  be  calculated  from  Sundgren's  work  (ref.  20),  but  he  was  not 
primarily  Interested  in  obtaining  kinetic  data,  and  there  la  some 
uncertainty  In  our  Interpretation  of  his  work.  Recently  reported 
data  on  cracking  of  cls-decalln  (ref.  15)  in  a  static  apparatus 
are  also  Included.  The  rate  constant  of  decomposition  can  be 
expressed  as 


log  k  »  18. 649-25. 298x1 0®{1/T)  (6) 

where  T  Is  expressed  In  "R.  The  activation  energy  Is  64,300  cal/mole. 
As  with  cyclohexane,  the  first-order  rate  constant  appears  to  In¬ 
crease  with  pressure  although  the  effect  cannot  be  evaluated  quan¬ 
titatively  from  the  available  data. 

The  agreement  between  the  two  different  methods  of  measuring  kinetic 
constants  gives  confidence  In  the  validity  of  both  method  and  data. 

The  constant  pressure  of  500  pslg  used  In  the  flow  reactor  was 
close  to  the  average  occurring  In  a  typical  batch  study.  The  studies 
with  decalln  correspond  to  conversions  up  to  305^,  so  no  correction 
was  made  In  analyzing  these  data  for  the  change  In  number  of  moles 
on  reaction. 
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D.  ESTDfATION  OP  RATE  CONSTANT  OP  DECOMPOSITION 

Table  2  shows  that  the  rates  of  decomposition  varied  widely.  The 
most  stable  confounds  were  the  non-substltuted  rings;  within  each 
set  of  derivatives  the  rates  Increased  with  number  and  size  of 
substituent  groups.  A  simple  empirical  group  contribution  method 
was  developed  to  correlate  the  decomposition  rate  data  and  permit 
estimation  of  rates  for  unknown  cyclic  saturated  hydrocarbons. 

The  basic  assijmptlon  was  that  the  rate  was  determined  by  the  kind 
of  bonds  present  and  that  it  was  proportional  to  the  n\imber  of 
bonds  of  a  given  type.  Each  molecular  structure  is  represented 
by  a  characterization  ntxmber,  n^  which  consists  of  (l)  the  charac¬ 
terization  number  of  the  basic  ring  compound  minus  one  for  each 
substituent  that  replaces  a  C-H  bond  In  the  unsubstituted  ring, 
plus  (2)  the  sum  of  the  characterization  numbers  for  any  side 
chains  present.  Prom  the  above  sums,  a  slight  correction  Is  sub¬ 
tracted  for  blcycllcs  and  tricyclics. 

The  characterization  number  of  the  basic  ring  ccmupounds  Is  taken 
equal  to  the  number  of  C-H  bonds,  except  for  decalln,  for  which 
the  n  value  was  empirically  adjusted  to  14.  These  values  are 
therefore  as  follows; 

n 


Cyclopentane  10 
Cyclohexane  12 
I^drlndan  16 
Decalln  14 
Perhydroanthracene  24 


The  characterization  ntunbers  for  side  chains  and  corrections  for 
separated  polycycllcs  are  as  follows: 

n 


CH3  +2 
CHs  +4 
CH  46 
C  +4 
C  (in  ring)  +4 
Blcycllcs  (separated)  -1 
Tricyclics  (separated)  -2 


Examples  of  the  calculation  of  the  characterization  number  are 
given  below ; 
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n-Propylcyclohexane 

n 

Characterization  number  of 
2  CHs  groups  =*2x4 

CHs  group 

the 

ring  =  12-1 

11 

48 

^2 

n  » 

21 

Isopropyldecalin 

Characterization  number  of 
CH  group 

2  CHo  groups  at  2  X  2 

the 

ring  «  l4-l 

13 

46 

+4 

n  « 

23 

Dlcy cl ohexy Ime t han e 

n  for  two  rings  =1  (2  x  12  )- 
CH2  group 

Correction 

2  = 

22 

4 

n  = 

25 

A  plot  of  the  rate  constant  as  a  function  of  the  characterization 
number  is  shown  in  Figure  8.  Very  few  compounds  deviated  from 
the  line,  the  equation  of  which  is 

k  =•  0.044-0. Il4n  +  O.OOOSn*  (j) 

Since  the  characterization  number  increases  by  4  units  for  the 
next  member  in  a  series  of  hcmolog  compounds,  the  precision  of 
this  graph  is  always  within  this  range.  This  means  that  the 
error  of  an  estimated  rate  constant  is  smaller  than  the  dlfferenc 
between  the  rate  constants  for  two  consecutive  members  of  the 
given  series.  Figure  8  should  be  useful  for  estimating  rate  data 
for  a  variety  of  naphthenes  and  other  saturated  cyclic  hydrocar¬ 
bons.  It  does  not  apply  to  paraffins  and  probably  bec(xnes  less 
reliable  for  alkyl  side  chains  exceeding  C4  in  length. 

B.  RATE  OF  PARTICLE  FORMATION 

The  rate  of  particle  formation  in  the  static  experiments  was  ex¬ 
pressed  as  reciprocal  of  the  induction  period,  in  hours,  vintll 
Initial  particle  formation.  In  our  previous  results,  a  simple 
expression  was  obtained  for  the  rate  constant  of  particle  forma¬ 
tion  kp 

kp  =  akj)  (8) 

where  ja  is  a  constant  for  a  homologous  series  of  cyclic  confounds, 
and  kp  is  the  rate  of  decomposition  at  50^  conversion. 
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Constant  of  Decomposition 


The  average  "a”  values  are: 

Cyclohexane  derivatives 
Decalln  derivatives 
Cyclopentane  derivatives 
Ifydrlndem  derivatives 
Separated  polycycllcs 


1.98 

1.70 

0.36 


Usually,  methyl  derivatives  show  an  exceptionally  high  a  value; 
Isopropyl  and  t-butyl  derivatives  show  a  lower  a  value  ihan  the 
average  of  the  group. 


These  data  show  that  condensed  blcycllcs  are  more  stable  If  we 
cooqpare 


decalln  and  cyclohexane 
hydrlndan  and  cyclopentane 

but,  at  the  same  time,  slx-membered  rings  are  much  more  resistant 
to  particle  formation  than  flve-membered  rings.  Although  the 
separated  polycycllcs  show  a  very  attractive  a  value,  their  rate 
of  decomposition  is  so  high  as  to  limit  their  application  as  fueli 
or  fuel  ccmtponents. 

This  Investigation  clearly  points  to  the  decalln  and  cyclohexane 
derivatives  as  stable  fuels,  eliminating,  more  or  less,  other 
cyclic  structures  as  potential  fuel  candidates. 


22 


V,  THERMAL  DECOMPOSITION  OP  PARAFFINIC  HYERCX^AHBONS 


A.  EXPERIMEMTAL  RESULTS 

The  decomposition  of  paraffinic  hydrocarhons  was  a  pseudo- first  order 
process  under  our  experimental  conditions.  In  the  static  test 
apparatus,  all  materials  were  at  800*P  in  vapor  phase,'  with  the 
exception  of  n-hexadecane  and  n-nonadecane,  which  were  present  as 
a  liquid  and  a  vapor  at  800®P  and  at  the  vapor  pressure  correspond¬ 
ing  to  that  tempera'ture.  Most  of  our  decomposition  e:^erlments  were 
carried  out  at  an  initial  void  volume  in  the  tube  of  60^,  hut 
several  runs  were  also  carried  out  with  different  void  volumes  to 
determine  the  effect  of  pressure  on  the  rate  of  decomposition. 

No  change  of  the  rate  constants  of  decomposition  with  increasing 
conversion  was  observed  in  the  decomposition  of  paraffinic  hydro¬ 
carbons,  which  indicates  that  the  decomposition  of  paraffinic  hydro¬ 
carbons  is  a  first-order  kinetic  process  without  any  self-accel¬ 
erating  or  Inhibiting  effects. 

The  experimenta'i  ly  determined  rate  constants  are  summarized  in  Table 
4,  giving  the  nunber  of  experiments,  the  conversion  range  investi¬ 
gated  in  wt-$^,  the  average  rate  constant  in  hir*]-,  and  the  deviation 
from  the  average.  In  those  experiments  where  the  amoxint  of  liquid 
hydrocarbon  introduced  into  the  glass  tube  was  varied,  the  initial 
pressure  was  calculated  from  the  equation  of  state  of  real  gases. 

Since  the  experimental  conditions  were  quite  close  to  the  critical 
temperatoire  and  pressure,  these  pressures  can  be  considered  only 
as  an  approximation  of  the  pleasure  in  the  system. 

The  second  column  of  the  table  gives  the  void  volume,  or  per 
cent  of  vapor  phase  at  room  tenqjerature  (70®P),  The  third  column 
gives  the  volume  per  rjent  of  the  vapor  phase  at  reaction  tempera¬ 
ture  (800®P)  at  the  beginning  of  the  decomposition. 

Figure  9  compares  the  experimentally  determined  rate  constants 
with  the  data  calculated  by  two  equations  for  the  rate  constants 
of  n-paraffins, 

Tlllcheev’s  equation  (ref,  21)  ^ves  the  rate  constants  as  a  function 
of  carbon  atom  ntomber  at  425*0  T79r  *F)  as 

k  =  (2,5n-15,6)  X  10"®  sec”^  (9) 

Voge  and  Good  (ref,  22)  give  the  same  equation  at  500*0  (932*P)  as 

k  =  (n-l)(l.57n-5.9)*10"®  sec”^  (lO) 

Both  equations  were  used  to  calculate  the  rate  constants  as  a 
function  of  carbon  atom  number.  The  results  were  adjusted  to  800*P, 
with  an  activation  energy  of  60,000  cal/nK>le  and  are  given  In  Figure  9 

As  can  be  seen  from  Figure  9,  the  measured  rate  constant  for 
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Figure  10.  Activation  Energies  of  Paraffinic  Hydrocarbons 
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dodecane  agrees  very  well  with  Tlllcheev’s  cxirvej  the  experimental 
rate  constants  for  hexadecane  and  nonadecane  deviate  more  and  more 
from  Tlllcheev’s  values.  This  deviation  was  partly  explained  earlier 
In  the  discussion  of  the  effect  of  pressiire  on  the  rate  constants 
of  decomposition  of  saturated  cyclic  hydrocarbons, 

B.  ACTIVATION  ENERGIES 

Prom  the  experimental  data,  the  Arrhenius  plot  given  In  Figure  lO 
was  prepared.  The  activation  energies  are  In  the  range  of  53-70 
kcal/mole.  These  activation  energies  can  also  be  calcvilated  from 
the  tabulated  data  given  In  Table  4,  according  to  the  Arrhenius 
equation, 

E  »  -  (logka-logki)  (11) 

_1  _ 

Ti  Ta 

If  we  disregard  completely  the  error  In  temperature  measurement,  and 
consider  that  the  entire  error  of  the  determination  Is  represented 
by  the  tabulated  average  deviations,  the  error  of  the  activation 
energy  can  be  calculated.  The  partial  derivatives  of  the  equation 
on  the  assumption  that  ki  or  ka  are  the  only  variables  are: 


and 


dE 

dka 


OE 

^ki 


2,3R  1^ 

1  1  ka 

Ti  ~  Ta 


Cl  ^ 

1— L-  \^x/ 
Ti  Ta 


and  the  error  Is 


AE  = 


2«3R 

1-1  \  ^2 


1-1 
Tx  Ta 


and  the  maximum  error  Is 


i  -  1 

Ti  Ta 

Using  the  data  for  n-dodecane 

Ta  =  800*P 
Ti  =  750®P 


(12) 


(13) 


AE  =  ^ ^ 

i  -  1  \  ^2  W 


ka  =  0.469+0.025 
ki  »  0.061440.0031 
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Figure  11.  Rate  Constants  of  Thermal  Cracking  of 
n-Hexadecane 
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This  resell t  Indicates  that  while  the  precision  of  the  rate  constants 
Is  about  55^,  which  is  excellent  for  kinetic  measurements  of  this 
kind,  the  deviations  may  add  up  to  give  an  error  In  tlte  activation 
energy  of  as  much  as  ijjg  or  more.  The  situation  Improves  only 
when  measurements  are  made  over  a  much  wider  tenqjerature  range,  but 
this  Implies  the  use  of  different  decomposition  methods.  The  eiror 
can  also  be  decreased  by  determining  the  rate  constants  at  a  series 
of  temperatures.*  For  this  reason,  not  too  much  significance  should 
be  assigned  to  the  activation  energy  values  given  In  Figure  10.  The 
average  value  of  the  measured  activation  energies  Is  65,000 
cal/mole. 


The  Arrhenius  plot  in  Figure  11  shows  good  agreement  among  studies 
by  four  different  Investigators  In  both  batch  and  flow  reactors 
covering  a  temperatxire  range  of  350®F.  Tfie  activation  energy  Is 
59,700  cal/g-mole  +  150  cal/g-mole  standard  deviation.  The  rate 
constant  for  427*0  and  1  atmosphere  pressure  agrees  very  closely  with 
the  Voge  and  Good  correlation.  Similar  plots  were  prepared  for  each 
hydrocarbon  but  the  available  data  are  less  complete  and  scatter 
much  more.  The  data  of  C12  Indicate  values  roughly  double  those 
of  the  Voge  and  Good  con:*elation,  but  the  results  are  much  more 
fragmentary  than  those  for  cetane.  Data  on  Ce,  C14  and  C20  were  ob¬ 
tained  at  elevated  press^lres  and  exceed  those  predicted  by  the 
coirpelatlon. 


The  Voge  and  Good  correlation  remains  as  the  best  representation 
of  first  order  kinetic  constants  at  atmospheric  presstire.  Figure  12 
shows  rate  constants  as  a  function  of  temperature  for  n-parafflns 
from  C4  to  C20  and  may  be  used  for  each  calcuatlon.  A  constant 
activation  energy  of  60,000  cal/g-mole  is  used, 

C.  EFFECT  OF  BRANCHING  ON  THE  RATE  OF  DECOMPOSITiaf 


Unforttxnately,  only  scattered  data  are  available  In  the  literature 
about  the  decomposition  of  branched  chain  paraffinic  hydrocarbons. 
A  summary  is  given  In  Table  5,  which  gives  the  structure  of  the 
Isoparafflnlc  hydrocarbon  In  an  abbreviated  form,  the  temperature 
range  investigated,  the  reference,  and  the  ratio  of  the  rate  con¬ 
stant  of  the  Isoparaffin  to  that  of  the  corresponding  n-paraffln. 
The .most  complete  Investigation  In  this  field,  on  Isomeric  do- 
decanes^and  hexadecanes,  was  carried  out  at  500®C  by  Terres  and 
Gropenbacher  (ref,  26)  on  a  chromla-cracklng  catalyst  (Chrompea>* 
bespaltkatalysator  of  Kall-Chemle  A. G.,  Hannover,  Germany). 

*  ^e  activation  energies  previously  given  for  naphthenic  hydro- 
carbons  are  estimated  to  be  in  error  by  +  55^. 
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Figure  12.  Rate  Constants  of  Decanposltion  of 
n-Parafflns 


50 


Their*  results  are  Included  In  Table  5»  although  they  are  not  strictly 
comparable  to  the  thermal  cracking  studies. 

In  Table  5,  five  branched  chain  hydrocarbons  show  a  lower  rate  of 
deccanposltlon  than  the  corresponding  n-paraffln  hydrocarbon.  All 
these  c compounds  contain  In  their  structure  one  or  more  quaternary 
carbon  atoms.  This  suggests  a  comparison  of  the  relative  rate  of  de¬ 
composition  with  the  relative  rate  of  free  radical  formation. 
According  to  Rice  and  Kosslakoff,  the  relative  rates  of  free  radical 
formation  by  abstraction  of  a  hydrogen  atexa  from  a  primary,  secondaz*y, 
or  tertiary  carbon  atom  at  600*C  Is  about  10.2:10.^.  Using  these 
values,  the  relative  rate  of  free  radical  formation  from  the  branched 
chain  hydrocarbons  and  straight  chain  hydrocarbons  was  calcu^ted 
and  shown  as  (rjLi*n)  ^  Table  5«  For  each  compound  the  calculated 
rate  Is  taken  to  be  proportional  to  the  number  of  C-H  bonds  present 
of  each  type,  multiplied  by  the  relative  rate  of  abstraction  as 
given  by  the  above  ratio. 

Table  5  shows  general  coi*respondence  between  the  observed  relative 
rates  of  decomposition  and  the  predicted  relative  rates  of  hydrogen 
abstraction.  The  essential  effects  of  Isomeric  stnactures  on 
decomposition  rates  are  as  follows : 

(1)  The  presence  of  a  qxaa ternary  carbon  atom  decreases  the 
rate  of  decomposition  compared  to  that  of  the  n-paraffln  by  50 
per  cent  or  more. 

(2)  The  presence  of  a  tertiary  carbon  atom  Increases  the 
rate  of  decomposition  by  as  much  as  40  per  cent  over  that  of  the 
corresponding  n-paraffln. 

(3)  If  both  a  quaternary  and  a  tertiary  carbon  atom  are 
present,  the  effect  of  the  quaternary  carbon  atom  Is  predominant 
and  the  rate  of  decomposition  Is  decreased  over  that  of  the 
corresponding  n-paraffln. 

(4)  The  deviations  from  this  behavior  In  the  case  of  some  of 
the  dodecanes  most  probably  can  be  attributed  to  catalytic  effects. 
The  catalyst  seems  to  have  little  effect  with  the  hexadecanes, 
which  would  thermally  decompose  more  rapidly  than  the  dodecanes. 

Since  the  studies  of  Terre s  and  Gropenbacher  were  made  at  932 

It  Is  possible  that  a  substauitlal  amount  of  thermal  cracking 
occurred  in  addition  to  the  catalytic  cracking.  The  relative 
Importance  of  the  two  processes  would  vary  with  the  nature  of  the 
reactant. 


Table  5 


RATE  OP  EECCMPOSITION  OP  BRANCHED  CHAIN  PARAPPINS 


C-atom 

Number 

Structure 

BRPiim 

mm 

Refer¬ 

ence 

ri/rn 

C4 

2MeC9 

1.11-1.49 

1067-1202 

27,28,29,30 

Cs 

2MeC4 

1.25-1.78 

748-1067 

27 

2,2MeCa 

0.46 

1067 

27 

0.48 

Ce 

2,^C4 

1.67 

1068 

27 

1.03 

Ca 

2,2,4MeCs 

0.15 

935-1060 

31 

0.71 

2,5MeCe 

1.54 

935-1047 

31 

1.02 

Cia 

2MeCii 

2.05 

932 

26 

1.01 

3teCii 

1.00 

800 

23 

1.01 

244MeCio 

2.00 

932 

26* 

1.01 

2,9MeCio 

1.09 

800 

23 

1.01 

2«4,6MeC9 

1.07 

932 

26* 

1.02 

2«4,8MeC9 

1.07 

932 

26* 

1.02 

2,2,4, 6MeC8 

0.80 

932 

26* 

0.63 

5PrC9 

1.08 

800 

23 

1.01 

5,6EtCa 

1.09 

800 

23 

1.01 

Cl  3 

2,2,8 ,8MeC9 

0.57 

800 

23 

0.65 

Cie 

214eCi5 

1.50 

932 

26* 

1.01 

2,4MeCi4 

1.19 

932 

26* 

1,01 

2,4,6MeCi3 

1.19 

932 

26* 

1.02 

2,4,5MeCi3 

1.23 

932 

26* 

1.02 

• 

2,2,4,4,6,8,8MeC8 

0.3-1.75 

685-815 

15 

0.59 

2,2,4,4,6,8,8MeC9 

0.59 

■- 

932 

26* 

0.59 

1  * Catalytic  cracking 
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D.  EPPECT  OF  PRESSURE  CTT  THE  OF  DECOMPOSITION 


Experimental  data  on  the  effect  of  pressure  on  the  thermal  cracking 
rate  of  paraffinic  hydrocarbons  were  limited  until  the  last  decade 
to  pressures  not  exceeding  50  atm.  It  has  been  generally  reported 
that  In  the  range  of  several  atmospheres  pressure,  the  first  order 
rate  constant  of  cracking  Increases  with  Increased  pressure. 

Table  6  summarizes  the  experimental  data  on  the  effect  of  pressure 
In  cracking  of  paraffinic  hydrocarbons.  If  possible,  the  rate  con¬ 
stants  of  decon^osltlon  measured  at  an  elevated  pressure  were  com¬ 
pared  with  the  rate  constant  of  deccmgjosltlon  measured  by  the  same 
author  at  atmospheric  pressure;  If  such  data  were  not  given,  the 
rate  constant  at  atmospheric  pressure  was  obtained  by  Interpolation 
or  extrapolation  of  data  from  other  authors.  For  Isomeric  dodecanes, 
the  rate  of  decon^iosltlon  of  n-dodecane  was  adjusted  by  using  the 
kiAn  factors  given  in  Table  5.  Such  values  are  designated  by  an 
asterisk  In  Table  6.  Figure  13  shows  the  medium  pressure  range  (up 
to  75  atm.)  for  isomeric  dodecanes,  and  Figure  l4  shows  all  experi¬ 
mental  data  up  to  pressures  of  about  1000  atm.  The  straight  lines 
In  both  figures,  which  represent  approximately  the  average  of  all 
data,  indicate  that  in  the  low  pressure  range  an  increase  of  pressure 
by  10  atmospheres  increases  the  rate  of  decomposition  by  a  factor  of 
about  1.2,  and  the  rate  constant  doubles  for  a  pressure  increase  of 
about  35  to  40  atmospheres. 

For  propane  the  studies  of  Hepp  and  Frey  (ref.  32)  at  1500  and  2500 
psl  (102-170  atm)  gave  first  order  rate  constants  about  double  those 
of  Steacie  and  Puddington  (ref.  35)  at  atmospheric  pressure,  but  for 
butane  the  constants  were  about  four  times  greater  than  those  of 
Steacie  and  Puddington.  Judging  from  these  facts,  pressure  effects 
on  methane  and  ethane  rate  constants  may  be  less  pronounced  than  for 
the  higher  members  of  the  series.  The  first  order  rate  constant 
increases  up  to  a  maximum  at  about  100  to  300  atm.  pressure  and  then 
gradually  decreases.  At  the  maximum,  the  first  order  rate  constant 
decomposition  is  as  much  as  20  to  40  times  greater  than  the  value 
at  atmospheric  pressure  (ref.  35)* 

The  Important  effect  of  pressure  on  the  phase  conditions  will  be 
shown  for  11-hexadecane.  While  the  estimated  critical  temperature  of 
the  hydrocarbons  in  the  C12-C13  range  is  below  SOO^F,  the  estimated 
critical  data  for  n-hexadecane  are:  critical  temperature  885“F,  and 
critical  pressure  198.4  psl.  This  means  that  the  n-hexadscane  is 
present  in  both  phases,  and  the  pressure  in  the  system  is  initially 
determined  by  the  vapor  pressure  of  n-hexadecane,  which  la  II5  psi 
at  800®P.  Using  the  estimated  critical  data,  and  the  eqxxatlon  of 
state  of  real  ga^es  (compressibility  factor)  and  liquids  (expansion 
factor),  respect! .^ely,  the  densities  of  the  two  phases  are: 

d^  =  0.449  z/ml  and  dQ  =  0.0203  g/m. 
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Table  6 


EFFECT  OF  PRESSURE  ON  THE  DECOMPOSITION  OP 
PARAFFINIC  HYDROCARBONS 


/•• 

Hydro¬ 

carbon 

Temp, 

“P 

Press, 

atm 

Rate 
Constant 
ki,  hr  ■  "1 

Refer¬ 

ence 

koAi 

C3H6 

600 

1 

22.9 

30 

600 

7 

28.7 

30 

1.25 

650 

1 

80.3 

30 

650 

7 

136 

30 

1.69 

700 

1 

618 

30 

700 

7 

402 

30 

0.65 

_ _ _ 

n-C^Hio 

555 

1 

5.66 

28 

555 

48.4 

55.9 

28 

6.34 

600 

1 

47.3 

30 

600 

7 

61.8 

30 

1.31 

650 

1 

230 

30 

650 

7 

251 

30 

1.09 

'  - 

i-C4Hxo 

555 

1 

* 

— - 

555 

48.4 

33.1 

28 

3.31 

n-CgHi  4 

420 

1 

0.0 

* 

420 

280-500 

1.03 

34 

39.9 

420 

420-700 

0.740 

34 

28.7 

420 

400-750 

0.782 

34 

30.3 

'  ^ 

420 

750-980 

0.486 

34 

18.8 

450 

1 

* 

:nr' 

430 

140-180 

0.293 

34 

6.44 

430 

800-920 

0.162 

34 

3.56 

v-r,'— 3- 
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2,9MeCio 

2,4,8MeC 

^PrCo 


9AT4'BI3H 


Figure  15.  Rate  Constants  of  Isomeric  Dodecanes  as 


Figure  14.  Relative  Rate  Constants  of  Thermal 
Cracking  as  a  Function  of  Pressure 


Prom  these  data  the  volume  of  the  vapor  and  liquid  phase  in  the 
reactor  was  calculated. .  The  volume  per  cent  of  vapor  phase  is  given 
in  Table  4.  Figure  13  shows  the  rate  constant  of  decoiqposltion  as 
a  function  of  the  per  cent  of  reactor  filled  with  liquid  phase  at 
the  initial  point  of  decoaiposition  at  800**F.  The  experimental 
points  show  a  gradual  increase  of  the  rate  of  deccmposition  with 
the  amount  of  liquid  phase  present  in  the  reactor,  indicating  that 
the  liquid  phase  decomposition  is  faster  than  the  decoiqposition  in 
the  vapor  phase.  The  equation  of  the  line  is 

k  -  0.465  +  0.361VlAR  (i6) 

where 

Jr  is  the  volume  of  liquid  phase  at  800*F 

"7^  is  the  voltane  of  the  reactor 

Ft'om  this  plot,  the  rate  of  deconqjosition  in  the  liquid  phase  Is 
kj,  -  0.826  hr“l  and  in  the  vapor  phase  ky  *  0.465,  that  is,  the 
dec(xq>osltion  in  the  liquid  phase  is  nearly  twice  that  in  the  vapor 
phase. 


The  rate  of  decomposition  in  a  closed  system  can  be  calculated  as 


kL  +  k, 


V 

s 


(17) 


if  a  simple  additivity  is  assumed  for  the  decomposition  taking  place 
in  a  two-phase  system.  Figiu:«  9  shows  the  kx,  and  ky  values  for 
cetane  as  blackened  circles.  The  point  representing  the  liquid 
phase  decomposition  is  very  close  to  Tllichcev's  curve.  No  similar 
evaluation  was  made  for  nonadecane  and  therefore  the  rate  constant 
cannot  be  separated  into  two  points  for  coimparlson  with  hexadecane. 


E.  METHOD  FOR  ESTIMATION  OF  THE  RATE  CONSTANT  OP  IBCOMPOSITION 


Althora^  at  this  stage  no  comprehensive  method  for  estimating  rate 
constants  can  be  given,  our  data,  together  with  those  published  by 
Terres  and  Oropenbacher  (ref.  26),  give  certain  leads  to  the  effect 
of  structtire  on  the  rate  of  decomposition.  In  the  C12  to  Cia  range, 
tte  rate  constant  of  decomposition  can  be  expressed  for  normal 
paraffins  as 

k  -  0.06n  -  0.25  at  800*F  (18) 


If  we  replace  a  number  of  CH^  groups  in  the  chain  by  side  chains, 
the  following  corrections  must  be  applied 


Methyl  group 
Ethyl  or  propyl 
1-Propyl  group 
Two  symmetrical 
Two  symmetrical 


0 

group  *f0. 16 

+0.48 

1-prqpyl  groiqps  +0.11 
t-butyl  groups  -0.18 
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Volume  Per  Cent  of  Liquid  Phase  at  800*P, 

113  psla 


Figure  15.  Effect  of  Phase  Conditions  on 
the  Decomposition  Rate  Con¬ 
stants  of  n-Hexadecane 
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To  show  this  simple  method  on  a  few  exan^les 


2-methyl  vmdecane 


249-dimethyl  unde cane 


546-dlethyl  octane 


The  experimental  and  calculated  data  are  compared  in  Table  7.  The 
agreement  is  satisfactory  with  the  exception  of  2,4,8-trlmethyl- 
nonane,  where  the  crowding  effect  of  side  chains  may  be  responsible 
for  the  deviation.  Included  in  Table  5  are  the  data  of  Terres  and 
Gropenbacher  (ref.  26)  on  isomeric  dodecanes. 

These  results  Indicate  that  methyl  substitutions  have  little  effect 
on  the  rate  of  decomposition,  except  when  they  are  In  a  terminal 
position  on  a  tertiary  carbon  atom  In  an  asymmetric  molecule 
(corresponding  to  an  1-propyl  ending).  Then  they  Increase  the 
rate  of  decomposition.  Symmetrical  methyl  substitutions  on 
qmtemary  carbon  atoms  at  both  ends  significantly  Increase  the 
stability  of  the  compound  toward  thermal  decomposition. 

If  we  ccropare  the  rate  constants  for  Isomers,  a  maximum  threefold 
Increase  In  rate  of  decomposition  was  experienced  for  the  Isomers 
Investigated,  which  means  that  only  minor  effects  in  the  thermal 
stability  field  can  be  achieved  by  veu^latlon  of  Isomers,  corres¬ 
ponding  to  an  Increase  or  decrease  of  thermal  stability  of  about 
±(30-55)‘’P. 

P.  RATE  OP  PARTICIE  PORMATION 

The  rate  of  particle  formation  expressed  as  the  reciprocal  Induction 
time  to  Initial  particle  formation  Is  given  In  Table  7»  All  the 
compounds  Investigated  formed  particles  after  2-5  hours  of  exposure 
at  800*P. 

It  can  be  stated  that  n-parafflnlc  hydrocarbons  seem  to  be  slightly 
more  stable  toward  particle  formation  than  the  branched  chain 
compounds . 

The  activation  energy  of  the  particle  forming  process  (Ep)  was 
determined  for  two  hydrocarbons  and  is  compared  with  the  activation 
enei’gy  of  deccmiposltlon  (Ep)  In  Table  8. 


Cia  k  -  0.06  X  12-0.25  -  0.47 

Me  group  0 


Cl  2 

two  1 -propyl  groups 


Cl  2 

2  ethyl  groups 


0.47 

0.11 

E2 

0.47 

0.52 


hr 


-1 
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Table  7 


EXPERIMENTAL  AND  CALCULATED  RATE  CONSTANTS  OP  DECOM¬ 
POSITION  AND  RATE  CONSTANTS  OP  PARTICLE  PORMATION  AT  800®P 


kD,  exp 

Rate  Constants, 

,  hr-^ 
kj),  calc 

kp 

Cx2 

0.47 

0.47 

0.33 

*  2MeCii 

0.95 

0.95 

3MeCii 

0.46 

0.47 

0.40 

2  f  9Me  Cl  o 

0.58 

0.58 

0.40 

*  2,4HeCio 

0.94 

0.95 

2,4,8MeCe 

0.79 

0.58 

0.50 

*  2,4,6MeC9 

0.88 

0.95 

*  2,2,4,6,6MeCT 

0.31 

0.29 

2,2,8,8MeC9 

0.32 

0.35 

0.40 

3,6EtC8 

0.80 

0.79 

0.50 

5PrC9 

0.62 

0,63 

0.33 

Cl  a 

0.71 

0.71 

0.33 

*  Data  from  Terre a 

and  Oropenbacher  (ref.  26). 
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Table  8 


ACTIVATION  ENERGIES  OP  PARTICLE  FORMATION  (Ep)  AND 
DECOMPOSITION  (Ej))  (kcal/mole) 

Id 

n-Dodecane  ^-63  70 

3,6-Dlethyloctane  45-58  59 

The  values  given  in  Table  8  Indicate  that  the  activation  energy  for 
particle  formation  is  lower  by  several  kcal/mole  than  that  of  decom¬ 
position.  This  means  that  at  lower  temperature s>  particle  formation 
takes  place  at  lower  conversions  than  at  higher  temperatures. 

a.  PRODUCT  DISTRIBUTIOI  FROM  PARAFFIN  CRACKING  BY  RICE-KOSSIAKQPP 

ME'fHC)!^ - - 

The  Rice-Kosslaskoff  modified  free  radical  theory  (ref.  38)  may  be 
used  to  predict  the  product  composition  from  the  cracking  of 
paraffinic  hydrocarbons.  The  following  is  an  example  of  the 
application  of  their  theory  to  the  calculation  of  the  distribution 
of  products  from  cetane  (n-hexadecane )  thermally  cracked  at  1200"F 
(922**K}.  One  of  the  variables  is  the  extent  to  which  the  large 
free  radical  initially  formed  is  assumed  to  undergo  C-C  bond  fission 
versus  being  converted  into  a  paraffin  by  H-abs tract! on.  Increased 
pressijre  increases  the  likelihood  of  H-abstractlon  (a  bimolecular 
process)  over  fission  (a  unlmolecular  process).  The  following 
calculation  shows  how  the  product  distribution  would  be  predicted  to 
change  with  an  increasing  number  of  decomposition  steps  of  the  large 
free  radical  before  it  becomes  stabilized  by  H-abstractlon. 

Consider  first  the  case  in  which  only  one  C-C  bond  in  the  free 
radical  is  broken  before  the  resulting  radical  is  converted  into 
a  paraffin.  This  would  be  typical  of  relatively  high  pressure 
operation. 

(>ie-Step  Decomposition  Process 

(1)  M - ^  Ri  radical  formation  (19) 

(2)  Ri — R'i  — ^  Oil  +  Ra  isomerization  €Uid  fission  (20) 

(3)  Ra  +  M - RaH  +  Ri  hydrogen  transfer  (2l) 

The  decomposing  hydrocarbon,  M,  is  converted  in  step  (l)  to  a  first 
generation  free  radical  Ri ,  which  will  generally  be  a  large  free 
radical.  In  step  (2),  Ri  isoraerizes  to  Ri*  .  Fission  at  a  C-C  bond 
converts  the  Ri' radical  into  an  olefin  (Oli)  and  a  smaller  second 
generation  free  radical,  Rg.  In  this  case,  Ra  is  assumed  to  become 
converted  into  a  paraffin  by  hydrogen  abstraction. 
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Rice  and  Kosslakoff  assumed  that  the  difference  In  activation 
energy  for  removing  a  secondary  and  primary  hydrogen  Is  2000  cal/g-mc 
and  the  difference  between  a  tertiary  and  primary  hydrogen  Is  4000 

§-mole;  at  922. 2*K  (l200®p),  the  relative  rates  of  removal  of 

ydrogen  atans  In  step  (l)  would  be  In  the  ratio 


or 


2000 

4.576  X  922.2 


ka  «  2.98  ki 
k3  »  8.87  kx 


*  0.474 


(22) 

(25) 

(24) 


In  n-hexadecane  there  are  six  primary  hydrogen  atoms  and  28 
secondary  hydrogen  atoms  available.  Multiplying  the  relative  rate 
by  the  statistical  factor,  we  obtain 


primary  6x1  =6.00  6.71^  primary  free  radicals 

secondary  28  x  2.98  *  83.44  93.295^  secondary  free  radicals 

'89. 


These  radicals  have  a  long  skeleton  and  therefore  they  may  coll 
around  and  react  with  themselves  to  produce  Isomers.  Thus,  the 
1-cetyl  radical  can  Isomerlze  Into  a  free  radical  In  which  the 
hydrogen  vacancy  may  be  found  In  any  of  the  positions  from  5  to  I6. 
The  Isomerization  of  a  1-cetyl  to  a  2,3  or  4-cetyl  radical  by  a 
colling  mechanism  Is  not  likely  for  geometrical  reasons.  For  this 
Isomerization  In  step  (2),  Rice  and  Kosslakoff  assimie  that  the 
activation  energy  difference  for  Internal  transfer  of  a  hydrogen 
atom  between  a  primary  and  a  secondary  position  Is  4000  cal, 
resialtlng  In  a  Boltzmann  factor  of  8.87  at  922®K.  Assuming  that  the 
different  secondary  radicals  are  foiroed  In  equal  amounts,  we  obtain 
by  Isomerization  of  a  Cie  radical  (the  lower  Index  gives  the  length 
of  the  radical,  the  upper  Index  the  place  of  hydrogen  abstraction). 

3x1  =  3  *00  1*51}^  primary  free  radicals 

(Cie  or  Cig) 

.  22  X  8.87  =  195.14  98. 49?^  secondaiT  free  radicals 

mllTf  (Cfa  to  Cii) 


In  this  calculation,  3  and  22  are  the  numbers  of  hydrogen  atoms 
available  for  Isomerization  forming  primary  or  secondary  free 
radicals,  respectively.  The  same  calculation  In  the  case  of  Cfe 
radical  Is 

3  x  1  =  3*00  1,66^  primary  free  radicals 

(cie  or  Cii) 


20  X  8.87  =  177.40 
186746 


98.345^  secondary  free  radicals 
(Cfe  to  Cii) 
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All  radicals  formed  In  this  initial  step  are  Cie  radicals.  On  the 
basis  of  a  total  of  100  Cia  radicals,  the  Isomer  distribution  is 
given  by  the  top  line  below. 

Table  9 


RADICALS  FORMED  PROM  00  CETANE  MOLECULES  BY  ISOMERIZATION 


Ri 

Cia 

m 

Cl  a 

C^a 

C?a 

Cia 

cl  a 

cfa 

Total 

Ba 

SB 

sm 

mi 

Rl  Cia 

0.10 

0.22 

o.i  j 

0.28 

0.61 

0.61 

0.61 

0.61 

3.29 

Cfa 

0.60 

1.51 

1.^5 

1.65 

1.82 

3.63 

3.63 

3.63 

17.70 

Cie 

0.60 

1.31 

1.45 

1.65 

1.82 

1.82 

3.63 

3.63 

15.89 

cte 

0  60 

1.31 

i.4r 

1.63 

1.82 

1.82 

1.82 

3.63 

14.08 

Cle 

1.20 

1.31 

1.45 

1.63 

.82 

1.82 

1.82 

1.82 

12.87 

Cfa 

1.20 

2.62 

1.45 

1.63 

1.82 

1.82 

1.82 

- 

12.36 

CTe 

1.20 

2.62 

2.91 

1.63 

1.82 

1.82 

- 

- 

12.00 

Cia 

1.20 

2.62 

2.91 

3.26 

1.82 

- 

- 

11.81 

6.70 

13.32 

13.32 

13.32 

13.35 

13.34 

13.33 

100.00 

In  the  first  column,  the  entries  below  the  first  line  show  the  dis¬ 
tribution  of  the  Cx6  radical  Isomers  formed  by  isomerization  of  the 
6.71  cie  radicals  formed  in  step  (l).  Likewise,  in  the  second 
column,  the  entries  below  the  first  line  show  the  distribution 
obtained  by  isomerization  of  the  15*53  Cfo  radicals  formed  in 
step  (1).  The  last  column  gives  the  final  distribution  of  isomers 
obtained  by  applying  the  set  of  rules  given  below. 

(1)  The  decompostlon  reaction  of  the  large  alkyl  radical 

is  faster  th'’n  blmolecular  reaction  with  another  hydrocarbon. 

(2)  The  kind  of  radical  initially  formed  depends  upon  the 
relative  ease  of  abstraction  of  a  hydrogen  atom  from  the 
hydrocarbon.  Taking  the  same  pre -exponential  factor  for  all 
reactions,  removal  of  a  secondary  hydrogen  is  assumed  to  re¬ 
quire  about  2.0  keai.  of  ao.tlvatlon  energy  less  than  that  of 

•  a  primary  hydrogen  (hn  t^ctlvaticn  energy  difference  of  2.0 
corresponds  to  a  ratio  of  the  two  rate  constants  of  5.66  at 
500“c);  a  tertiary  hydrogen  is  assured  to  require  about  4 
kcal.  less  of  activation  energy  than  a  primary  hydrogen 
(corresponds  to  a  ratxo  of  rate  constants  of  at  500“C). 

The  range  of  Initial  formation  of  each  type  of  radical  is 
therefore  taken  to  be  proportional  to  this  ratio  multiplied 
by  the  number  of  C-H  bonds  of  that  type  present. 
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(3)  In  order  to  bring  the  theory  Into  closer  harmony  with  the 
facts,  the  above  simple  theory  is  amplified  to  asstnne  that  a 
free  radical  of  C©  or  higher  may,  prior  to  rupture,  isomerize 

.  by  a  coiling  mechanism  to  a  carbon  atom  four  or  more  carbon 
atoms  from  the  original  carbon  atom  having  the  vacant  position. 
This  Involves  movement  of  a  H-atom  but  not  a  change  in  the 
carbon  skeleton.  The  shifting  between  a  primary,  secondary 
and  tertiary  position  is  assumed  to  require  an  activation 
energy  twice  that  taken  for  initial  abstraction  of  a  hydrogen 
atom,  e.g.,  shifting  from  a  primary  to  a  secondary  position 
is  assumed  to  require  an  activation  energy  of  2  x  2  =  4  kcal. 

The  probability  of  collision  of  the  free  radical  site  with  a 
H-atora  is  taken  to  be  the  same  for  all  H-atoms  on  C  rtans 
foiar  or  more  C  atoms  from  the  position  of  the  H-  vacancy. 

(4)  The  free  radical  formed  above  undergoes  carbon-carbon 
bond  rupture  at  the  p  bond  relative  to  the  carbon  atom  from 
which  the  hydrogen  is  missing.  If  more  than  one  such  bond 
exists,  the  mechanism  leading  to  a  radical  of  greater 
stability  will  occur  preferentially,  e.g.,  a  tertiary 
radical  will  be  formed  moz^  readily  than  a  secondary;  a 
secondaz^y  more  readily  than  a  primary. 

The  theory  in  its  various  extensions  has  been  developed  primarily 
from  studies  on  paraffins  and  paraffin  radicals  up  to  about  Ce  in 
size.  It  cannot  be  expected  to  yield  detailed  predictions  of  product 
distribution  in  unknown  systems  since  a  number  of  simplifying 
assumptions  have  had  to  be  made  to  make  the  theory  manageable. 

The  values  for  the  effect  of  structiare  on  the  activation  energies 
assigned  for  Initial  H-abstraction,  for  H-lsomerization,  and  for 
carbon-carton  bond  rupture  are  somewhat  arbitrary.  The  colling 
mechanism  may  not  be  the  only  way  in  which  isomerization  can  occur, 
and  the  set  of  zniles  for  calculating  isomer  distribution  is  clearly 
a  simplification.  Nevertheless,  the  theory  provides  good  agreement 
with  the  broad  nature  of  the  experimental  facts. 

In  the  latter  part  of  step  (2)  these  free  radicals  decompose  into 
an  olefin  and  a  shorter  second  generation  free  radical  by  splitting 
of  the  chain  at  a  p-carbon-carbon  bond  from  the  location  of  the 
free  radical.  The  Cie  and  Cfe  radicals  can  decompose  in  only  one  way, 
but  the  rest  of  the  free  radicals  have  two  p-positions  available. 

The  probability  for  these  two  processes  is  assumed  to  be  equal, 
except  when  one  of  the  routes  yields  a  methyl  radical.  This  process 
is  less  likely,  and  it  was  assumed  by  Rice  and  Kosslakoff  that  the 
splitting  to  yield  a  higher  primary  radical  is  three  times  faster 
than  the  splitting  to  yield  a  methyl  radical.  Applying  these 
assumptions,  the  amounts  of  olefins  and  free  radicals  obtained 
by  decomposition  of  the  Ri  radicals  are  as  follows: 
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Table, 10 

0LE7INS  AND  Hs  RADICALS  FORMED  BY  DECCNFO> 
SITION  OP  100  CETANE  MOLECUIES 

I  I  r~~  I  lb 


Olefins 

Radicals 

Olefins 

Radicals 

Cl 

3.97 

Cg 

5.90 

6.18 

Cg 

3.29 

7.04 

Cio 

5.90 

6.43 

Cg 

17.70 

6.43 

Cii 

6.00 

7.04 

C4 

11.92 

6.18 

Cl  a 

6.18 

11.92 

Cg 

7.04 

6.00 

Cig 

6.43 

17.70 

Cg 

6.43 

5.90 

Cl  4 

7.04 

3.29 

c^  - 

6.18 

6.00 

Cis 

3.97 

- 

In  this  case  we  assisne  that  the  second  generation  free  radicals 
react  with  cetane  molecules  to  form  paraffins  and  cetyl  radicals, 
which  then  undergo  again  the  Isomerization  and  decomposition  steps. 
lAider  these  conditions,  disregarding  the  chain  termination  step, 
the  product  distribution  per  100  molecules  of  cetane  decooqposed  la 
shown  In  the  first  column  of  Table  9  and  Is  given  In  Figure  16  as 
the  "one-step  decomposition". 

Different  product  distributions  are  obtained  If  It  Is  assumed  that 
two  or  more  fission  steps  occtir  In  step  2.  It  Is  assumed  that 
Isomerization  of  the  remaining  free  radicals  occurs  after  each 
C-C  fission.  The  two-step  decomposition  can  be  represented  as: 

(1)  M - >  Ri  radical  formation  (25) 

(2)  Ri — ►  R{  - ^  Oil  +  Ra  Isomerization  and 

,  fission  ' 

(3)  Ra — Ra  - >  Ola  +  Rg  (2?) 

(4)  Rg  +  M — >RgH  +  Ri  hydrogen  transfer  (28) 

The  product  distribution  according  to  carbon  atom  number  Is  given 
In  Table  9  for  this  case,  and  also  for  the  case  In  which  three  or 
four  fissions  occur  before  the  radical  becomes  converted  to  a 
paraffin. 

After  four  decomposition  steps,  only  radicals  of  Cg  or  shorter  are 
left,  and  the  assumption  of  further  decomposition  steps  before  H- 
abstraction  would  affect  the  distribution  only  slightly.  The  con¬ 
centration  of  Cg  hydrocarbons  In  the  product  will  be  only  slightly 
reduced.  The  Vnianber  given  In  Table  9  shows  the  numbers  of  moles 
produced  from  each  cetane  mole  decomposed.  Figure  16  shows  all 
these  calculations  In  graphical  form.  Experimental  studies  on 
paraffin  cracking  show  results  In  agreement  with  the  general  con¬ 
clusions  from  this  type  of  calculation.  In  cetane  cracking  at 


Table  11 


PRODUCT  DISTRIBOTICN  IN  THE  ISCCMPOSITION  OP  n-HEXADECANE 

(in  mole  per  cent) 


Deconpositlons 

Steps 

1 

2 

3 

4 

y,  mole /mole 
Decomposed  2 

.00 

2.88 

3.56 

3.87 

Paraf¬ 

fin 

Olefin 

Paraf¬ 

fin 

Olefin 

Paraf¬ 

fin 

Olefin 

Paraf¬ 

fin 

Olefin 

Cl 

2.0 

- 

4.7 

- 

10.4 

- 

14.7 

Ca 

3.5 

1.7 

6.3 

8.6 

9.1 

19.8 

25.7 

Cs 

3.2 

8.9 

7.6 

12.3 

5.6 

13.3 

12.7 

C4 

3.1 

6.0 

4.3 

7.5 

1.6 

7.2 

6.7 

Ce 

3.0 

3.5 

3.3 

4.2 

0.8 

3.8 

0.04 

3.5 

Ce 

2.9 

3.2 

2.6 

5.5 

0.4 

5.3 

0.01 

4.9 

Ct 

2.9 

3.1 

2.0 

4.7 

0.2 

4.3 

- 

4.0 

Cs 

3.0 

3.0 

1.4 

4.3 

0.06 

3.3 

- 

3.1 

Cs 

3.1 

2.9 

1.3 

3.8 

0.01 

3.1 

- 

2.9 

Cio 

3.2 

2.9 

0.9 

3.3 

- 

2.7, 

- 

2.5 

Cii 

3.5 

3.0 

0.3 

2.7 

- 

2.2 

- 

2.0 

Cl  2 

6.0 

3.1 

0.02 

2.4 

- 

1.9 

1.8 

Ci3 

8.9 

3.2 

2.2 

1.8 

- 

1.7 

Cl  4  i 

1.7 

3.5 

- 

2.4 

- 

2.0 

- 

1.8 

CisJ 

2.0 

- 

1.4 

- 

1.1 

- 

1.0 

Mole  Per  Cent  Mole  Per  Cent  Mole  Per  Cent  Mole  Per  Gent 


atmospheric  pressure  no  paraffins  above  propane  were  found  and  the 
quantities  of  larger  saturated  paraffins  increased  with  pressure. 
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VI.  COHTAmNATIOW  BY  STJIPOR  COMPOUNDS 

A..  gXPERmENTAL  STUD?  OP  SULFUR  CONTAMINATIOII  VARIABLES 

The  variables  studied  were  contaminant  type,  hydrocarbon  substrate 
structure,  reaction  temperature,  contaminant  concentration,  and  the 
effect  of  adding  air  to  the  reaction  tube.  The  conversion  level  was 
about  50^, 

Tables  10  throtigh  16  list  the  decoiqposition  rates  (k,  hr'*}  and 
fraction  of  hydTOcarbon  unconverted  for  the  various  pure  hydrocar¬ 
bons  tested,  together  with  the  reaction  time  and  teng>erature  and 
the  contamination  level  of  the  particular  run.  The  decomposition 
rates  were  calculated  assuming  first-order  reaction  rates  in  all 
eases. 

In  each  experiment  a  control  sample  of  pure  hydrocarbon  was  run  to 
evaluate  the  effect  of  the  contaminant.  Previously  reported  rate 
constants  were  statistical  averages  of  many  experimental  runs.  The 
results  reported  here  are  therefore  not  intended  to  revise  any 
previously  reported  data  but  only  to  give  relative  values  for  the 
contamination  studies. 

The  Initial  study  was  made  on  decalln,  S^n-propylnonane,  and  n- 
hexadecane,  which  represented*  cyclic,  branched  chain,  a^  straight-  . 
chain  types  of  hydrocarbons,  respectively.  Thlophenol  and  t-bx^tyl- 
disulfide  were  chosen  as  organosulfur  contaminants  with  considerably 
different  structure.  Temperatures  ranged  from  700  to  850*P  while 
the  contaminant  concentration  varied  from  0  to  10  wt-^. 

The  results  of  this  study  are  graphically  portrayed  In  Figures  17, 

16^  and  19.  From  these  graphs  the  following  observations  can  be 
made: 

(1)  The  decomposition  rate  of  n-hexadecane  was  strongly  Inhibited 
by  the  sulfur  contaminants,  and  that  of  decalln  was  moderately 
inhibited.  On  the  other  hand,  the  rate  of  decomposition  of 
3-n-propylnonane  was  accelerated. 

(2)  In  every  case  except  5-n-propylnonane  at  700 ®F,  the  effect  of 
increasing  the  contaminant  concentration  was  to  increase  the 
effect  it  produced,  either  inhibition  or  acceleration. 

(3)  The  effects  from  contaminating  with  t-butyldlsulflde  or  thlo¬ 
phenol  were  the  same  qualitatively  and  quantitatively  within 

•  the  limits  of  normal  experimental  error. 

With  regard  to  the  first  observation  above,  the  dramatically  dif¬ 
ferent  result  (rate  acceleration)  obtained  In  the  case  of  the 
branched  chain  paraffin  prompted  further  exploration  into  the  effect 
of  substrate  structure  and  this  subject  will  be  discussed  fully  later 
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Tabid  12 


DECOMPOSITION  BATE  DATA  POR  S-n-PROPYINONANE  CON 
.TAMINATED  WITH  t-BUTYIDISUIFIDE 


m 

Tine, 

hr 

Fraction 

Ifydrocarbon 

Unconverted 

— 

1 

k. (hr-^) 

700 

64 

0 

0.466 

0.0119 

700 

64 

0.001 

0.421 

0.0135 

700 

64 

0.01 

0.413 

0.0142 

700 

64 

0.1 

0.368 

0.0156 

700 

64 

1.0 

0.362 

0.0159 

700 

64 

10 

0.372« 

0.0155 

750 

5.5 

0 

0.439 

0.150 

750 

5.5 

0.001 

0.426 

0.155 

750 

5.5 

0.01 

0.419 

0.158 

750 

5.5 

0.1 

0.340 

0.196 

750 

5.5 

1.0 

0.330 

0.202 

750 

5.5 

10 

0.276* 

0.234 

800 

1.5 

0 

0.331 

0.737 

800 

1.5 

0.001 

0.324 

0.751 

800 

1.5 

0.01 

0.321 

0.757 

800 

1.5 

0.1 

.  0.241 

0.949 

806 

1.5 

1.0 

0.154 

1.247 

Boo 

1.5 

10 

0.071* 

1.763 

At  the  lOjt  contaminant  levels,  the  VPC  data  were  adjusted  to 
shoe  only  the  fraction  of  hydrocarbon  unconverted. 
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Table  13 


DECOMPOSITION  RATE  DATA  POR  5-n-PROPyUIONANE  CON¬ 
TAMINATED  WITH  THIOPHENOL 


Temp.f 

•P 

Tlme^ 

hr 

Contaminant. 

wt-ji 

Practlon 

Hydrocarbon 

Unconverted 

k.  (hr-^) 

700 

64.25 

0 

0.358 

0.0160 

700 

64.25 

0.01 

0.368 

0.0156 

700 

64.25 

0.1 

0.294 

0.0191 

750 

5.5 

0 

0.461 

0.141 

750 

5.5 

0.01 

0.474 

0.136 

750 

5.5 

0.1  , 

0.572 

0.180 

800 

1.5 

0 

0.320 

0.760 

800 

1.5 

0.01 

0.320 

1 

0.522 

800 

1.5 

0.1 

. 

0.256 

0.908 

Table  i4 

DECC»!POSITION  RATE  FOR  n-HEXADECANE  CONTAMINATED  WITH 

THIOPHENOL 


in 

Time . 
hr 

Contaminant . 
wt.^ 

Fraction 

Hydrocarbon 

Unconverted 

700 

76 

0 

0.416 

0.011 

700 

76 

0.001 

*  0.453 

o.oid 

700 

76 

0.01 

0.556 

0.007 

700 

76 

0.1 

0.600 

0.006 

700 

76 

1.0 

0.711 

Kg 

700 

76 

10 

0.757 

mE 

750 

5.5 

0 

0.487 

750 

5.5 

0.001 

0.524 

0.117 

750 

5.5 

0.01 

0.645 

0.079 

750 

5.5 

0.1 

0.660 

0.075 

750 

5.5 

1.0 

0.748 

0.05sj 

750 

5.5 

10 

0.791 

0.042' 

800 

1 

0 

0.587 

0.533 

800 

1 

0.001 

0.549 

0.599 

800 

1 

0.01 

0.608 

0.498 

800 

1 

0.1 

0.654 

0.418 

800 

1 

1.0 

0.754 

0.282 

800  • 

1 

10 

0.849 

0.164 

52 


Table  15 


DECOMPOSITION  RATE  FOR  n-HEXADECANE  CONTAMINATED  WITH 

t-BUTYLDISULPIDE 


Temp, 

•P 

Time, 

hr 

Contaminant , 
Kt-* 

Fraction 

Hydrocarbon 

Unconverted 

HH 

700 

76 

0 

0.375 

0.0130 

700 

76 

0.01 

0.361 

0.0134 

700 

76 

0.1 

0.413 

0.0116 

750 

5.5 

0 

0.447 

0.146 

750 

5.5 

0.01 

0.496 

0.127 

750 

5.5 

0.1 

0.535 

0.114 

“  '  'V 

.* . .  "  V  '■* 

y\'',  .  V  ,  , 

/  •  ■■  ••  r . 

,  f 

-...  /‘v;.-  ■'-  ■-  f 

i/  'ji'yts  ~x' ' 

•  i 

DECOMPOSITION 

- —  — 1 

Table  14 

RATE  DATA  FOR  DECALIN  CONTAMINATED 

>•  •--'  •  ■  !•  ■  '/  ■ 

.  ..  ■  j 

WITH  t-BUTYLDISULPIDE 

Tfmp.* 

Time. 

Contaminant. 

Fraction 

Ifydrocarbon 

/ 

! 

k.{hi~») 

■  ■  ■  ; 

hr 

i*t-5i 

Unconverted 

;  ; 

800 

30 

0 

0.460 

0.0259 

800 

30 

0.001 

0.450 

0. 0266 

/ 

800 

30 

0.01 

0.494 

0.0235  1 

i 

y  -  '  *■ 

800 

30 

0.1 

0.540 

0.0205  ! 

-  ■  ..  '  • 

800 

30 

1.0 

0.550 

0.0199 

/"  ■ 

800 

30 

10 

0.552 

0.0198 

. .  * 

750 

136 

0 

0.639 

0.00329 

750 

136 

0.001 

0.607 

0.00367 

750 

136 

0.01 

0.656 

0.00310; 

750 

136 

0.1 

0.681 

0.00282 

750 

136 

i.o 

0.732 

0.00229 

750 

136 

10 

0.760 

0.00202 

850 

3 

0 

0.440 

0.274 

850 

3 

0.001 

in 

• 

0 

0.248 

1 

850 

3 

0.01 

VO 

• 

0 

0.257  ; 

850 

3 

0.1 

0.493 

0.236 

850 

3 

1.0 

0.602 

0.169 

850 

3 

10 

0.615 

0.162 

- j 

54 


Table  17 


DECOMPOSITION  RATE  DATA  FOR  DECALIN  CONTAMIICATED 
WITH  THIOPHENOL 


Time, 

hr 

Fraction 

Hydrocarbon 

Unconverted 

m 

800 

29.7 

0 

0.437 

0.0279 

800 

29.7 

0.01 

0.512 

0.0225 

800 

29.7 

0.1 

0.565 

0.0192 

850 

5 

0 

0.473 

0.250 

850 

3 

0.01 

0.493 

0.236 

850 

3 

0.1 

0.610 

0.165 

55 


Table  18 


OBCOMPOSITION  RATE  DATA  FOR  SUNDRY  HYDROCARBONS  CON¬ 
TAMINATED  WITH  t-BUTYLDISULPIDE 


Hydrocarbon 

Temp, 

•P 

Time, 

hr 

Contaminant, 

Fraction 

Unconverted 

lc.(hr-*) 

3-Net hylunde cane 

700 

55 

0.1 

0.539 

0. 0112 

700 

55 

0 

0.530 

0.0115 

800 

1.5 

0.1 

0.314 

0.79^ 

800 

1.5 

0 

0.393 

0.623 

2,9-Dliaethyl- 

700 

48 

0.1 

0.517 

0.0137 

decane 

700 

48 

0 

0.550 

0.0125 

800 

1.5 

0.1 

0.359 

0.683 

800 

1.5 

0 

0.489 

0.477 

i-Propyldecalln 

700 

88 

0.1 

0.925 

0.000885 

700 

88 

0 

0.820 

0.00226 

800 

3 

0.1 

0.684 

0.127 

800 

3 

0 

0.510 

0.225 

Decalln 

800 

22.5 

0.1 

0.5^1 

0.0273 

800 

22.5 

0 

0.503 

0.0305 

800 

46 

0.1 

0.402 

0.0198 

800 

46 

0 

0.363 

0.0220 

750 

136 

0.1 

0.698 

0.00265 

750 

136 

0 

0.667 

0.00298 

2,3-Dlmethyl- 

800 

7 

0.1 

0.600 

0.0730 

decalln 

800 

7 

0 

0.436 

0. 1186 

Nethylhydrlndan 

800 

6 

0.1 

0.606 

0.0835 

800 

6 

0 

0.507 

0.1132 

Ethyldecalln 

800 

5 

0.1 

0.608 

0.0996 

800 

5 

0 

0.572 

0.1117 

2,2,8,8-Tetra- 

methylnonane 

800 

3 

0.1 

0.^9 

WM 

800 

3 

0 

0.463 

800 

1.5 

0.1 

0.446 

800 

1.5 

0 

0.689 

Hydrindan 

800 

3 

0.1 

0.800 

0.0744 

800 

5 

0 

0.841 

0.0577 

n-Dodecane 

800 

■a 

0.1 

0.541 

0.409 

800 

0 

0.521 

0.435 

7  BOO*? 

'  ''o^  o 


’sso”? 


800“7 


750”? 


Conoent^tlon  on 

of  Decali*' 


Figure  18.  Effect  of  C!ontamlnant  Concentration  on  Rate 
of  Decomposition  of  5-n-propylnonane 
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Contaminant,  wt-Ji 

Figure  19.  Effect  of  Contaminant  Concentration  on 
Rate  of  Decomposition  of  n-Hexadecane 
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Contaminant  Concentration 


Although  contaminant  levels  such  as  10  wt-^  are  impractical  in  a 
study  of  fuels,  it  was  interesting  from  the  standpoint  of  under¬ 
standing  the  mechanism  to  observe  that  there  was  no  leveling  off  of 
the  contaminant  effect  even  at  such  high  concentrations  as  10  wt-J^. 

A  study  made  earlier  in  this  project  demonstrated  (by  analysis)  that 
the  organosulfur  contaminants  were  entirely  used  up  when  the  hydro¬ 
carbon  substrate  was  decomposed  to  the  50^  level.  No  sulfur  com¬ 
pounds  were  found  in  the  reacted  liquid  at  the  end  of  the  decompo¬ 
sition  period,  and  the  smell  of  sulfur  compounds  in  the  gas  was  very 
strong.  The  ra^e-lnhlbltlng  or  -accelerating  behavior  f  the  sulfur 
contaminant  was  therefore  not  catalytic  but  rather  direct  involvement 
in  the  decomposition  chain  reaction  of  the  hydrocarbon,  resulting 
in  the  conversion  to  gaseous  sulfur  compounds  as  end  products. 

2.  Contaminant  Structure 

The  decomposition  rates  of  pure  thiophenol  and  t-butyldlsulflde  were 
determined  at  800®P.  The  value  for  thiophenol  was  0.7  hr“^;  that  for 
t-butyldlsulflde  was  greater  than  15  hr“^,  making  it  extremely  un¬ 
stable  relative  to  all  of  the  other  compounds  of  this  study.  The 
almost  identical  results  obtained  using  these  compounds  as  contami¬ 
nants  are  therefore  more  surprising  and  indicate  that  the  structure 
of  the  sulfur  contamlmmt  is  not  of  prime  importance. 

3.  Hydrocarbon  Structure 

The  observation  that  the  decomposition  rate  of  5-n-propylnonane  was 
accelerated  while  those  of  decalln  and  n-hexadecane  were  inhibited 
prompted  further  investigation  into  the  relationship  of  hydrocarbon 
structure  to  the  observed  phenomena.  Several  other  hydrocarbons 
with  widely  differing  stXMCtures  were  run.  For  simplicity,  the  con¬ 
taminant  type  and  concentration  were  fixed  at  0.1  wt-56  t-butyldi- 
sulflde  and,  for  the  sake  of  speed  in  screening  the  various  types 
of  hydrocarbons,  the  reaction  temperature  was  mainly  800®P,  a  tem¬ 
perature  that  causes  50^  dec  on-position  in  a  very  few  hours  in  most 
cases.  The  data  from  this  study  are  shown  in  Table  16. 

The  decomposition  rates  of  ethyldecalln,  2,3-dimethyldecalin,  Iso- 
propyldecalln,  hydrlndan,  raethylhydrindan,  and  n-dodecane  were 
inhibited  to  varying  degrees,  while  the  decomposition  rates  of 
3-raethylundecane,  2,9-dlmethyldecane,  and  2,2,8,8-tetramethylnonane 
were  accelerated.  Only  the  brcmched-chaln  paraffins  decomposed  at 
a  faster  rate  when  contaminated  with  a  sulfur  compound.  The  decom¬ 
positions  of  naphthenes  and  straight-chain  paraffins  were  all  in¬ 
hibited. 
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A  considerable  difference  In  the  degree  of  rate  acceleration  was 
noticed  for  the  various  branched- chain  paraffins.  In  particular, 
the  relatively  stable  2,2,8,8-tetramethylnonane  (symmetrical  molecule 
and  quaternary  carbon  atoms  with  no  abstractable  hydrogen)  showed 
the  greatest  accelerating  effect  when  contaminated  by  the  0.15^  t- 
butyldlsulf Ide .  The  only  thing  significantly  different  about 
2,2,8,8-tetramethylnonane  relative  to  the  other  branched-chain 
hydrocarbons  studied  was  the  fact  that  the  molecule  had  more  methyl 
groups,  which  presxjmably  could  fom  more  methyl  radicals  to  aid  In 
the  decomposition  chain  reaction. 

To  test  this'  theory,  the  per  cent  change  In  the  decomposition  rates 
was  calculated  for  the  four  branched-chain  paraffins.  These 
are  listed  beside  the  number  of  methyl  groups  In  the  molecule  In 
Table  17.  The  correlation  between  the  and  the  number  of  methyl 

groups  Is  striking  and  supports  the  theory  extremely  well. 

It  seemed  reasonable  to  examine  the  hydrocarbons  whose  decomposition 
rates  were  Inhibited  to  see  If  the  number  of  methyl  groups  affected 
the  degree  of  Inhibition.  For  this  reason,  the  four  decalln  types 
and  the  two  hydrlndans  are  listed  also  In  Table  17*  These  data  are 
not  as  uniform  as  for  the  branched  paraffins.  However,  It  can  be 
concluded,  at  least,  that  rate  Inhibition  by  a  sulfur  contaminant 
also  Increases  with  Increasing  number  of  methyl  substitutions. 

Temperature  Effects 

In  Figure  20  the  per  cent  change  In  the  decomposition  rate  (j^Ak) 
has  been  plotted  for  those  hydrocarbons  that  were  run  at  two  dif¬ 
ferent  temperature  levels.  For  four  out  of  the  six  hydrocarbons, 
there  was  a  very  definite  decrease  in  the  effect  of  the  sulfur  con¬ 
taminant  as  the  reaction  temperature  was  lowered,  and  this  was  true 
both  for  Inhibition  and  acceleration  of  decomposition.  The  data  for 
5 -n -propyl nonane  showed  no  temperature  effect  while  that  for  Isopropyl 
decalln  demonstrated  the  exactly  opposite  effect.  That  is,  the  ef¬ 
fect  of  the  sulfur  contaminant  on  the  decomposition  rate  of  iso- 
propyldecalin  was  less  at  800 “F  than  at  700^F.  The  data  for  these 
two  hydrocarbons  probably  should  be  checked,  since  a  decrease  In 
rate  change  with  lower  temperatures  Is  very  likely  a  general  rule. 

B.  THEORETICAL  CONSIDSIATIONS 


An  attempt  was  made  to  explain  the  occurrence  of  both  Inhibition  and 
acceleration  of  hydrocarbon  decomposition  by  sulfur  contaminants  on 
the  basis  of  the  free  radical  reaction  mechanism.  Our  further  con¬ 
siderations  are  based  on  two  conclusions  reached  In  our  experimental 
work: 

(1)  The  decomposition  reaction  Is  first  order  In  all  cases 

(2)  The  accelerating  or  Inhibiting  effect  is  proportional  to  the 
contaminant  concentration. 
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Table  19 

CHANOE  IN  DECOMPOSITION  RATE  BY  0.1^  t-BUTYLDISUIFIDE 
AS  A  FUNCTION  OP  NUMBER  OP  METHYL  QROUPS 


5^  Ak« 

Number  of 
Hethvl  QrouDS 

2,2,8,8-Tetramjethylnonane 

465.8 

6 

2, 9-Diiiiethyldecane 

+43.2 

4 

3-Me thylunde  cane 

+27.4 

3 

S-i-n  -Propy  Inonane 

+28.8 

3 

Decalin 

-10.0 

0 

Ethyldecalin 

-10.8 

1 

2,3-Dimethyldecalin 

-38.5 

2 

Is  opropy Ide  cal in 

-43.6 

2 

Hydrindan 

-7.1 

0 

Methylhydrindan 

-26.2 

1 

T 


%  AVc  =  X  100  (29) 

where  ■  decomposition  rate  without  sulfur  contaminant,  and 
Ic  m  decomposition  rate  with  sulfur  contaminant 
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5-n-propylnonane 


The  free  radical  reaction  mechanism  of  hydrocarbon  deccanposltlon  cai 
be  given  by  the  following  reaction  series  (ref.  25): 

Free  radical  formation; 

Icx  2RiH  „  / 

RiH - R'  +  R"  - >-  2Ri  +  R'H  +  R^H  {3O. 

RxH  +  Si  SiH  +  Ri  (51] 

Chain  reaction: 

Ri  ■>  01  +  Ra  (52] 

IC4 

Ra  +  RiH  — ^  RaH  +  Ri  (55) 


Chain  termination: 


Ri  +  wall 


Ri  +  Ra  ■ 

Ri  +  Ri 

ka 

kr 

^-Inactive  Products 

Ra  +  Ra 

ka 

1 

1 

Ri  +  Si  - 

Ra  +  Si 

1,  RiH  « 

ka 

kio 

} 

original  hydrocarbon 

R»,R'’  = 

Intermediate  radicals 

Ri  - 

long  radical 

Si  - 

organosulfiir  radical 

Ra  - 

short 

radical 

01  - 

oleflnlc  product 

RaH  « 

paraffinic  product 

(54) 

(55) 

(56) 

(57) 

(58) 

(59) 


The  free  radical  formation  mechanism  from  hydrocarbons  can  be  given 
by  different  mechanisms.  The  Important  fact  Is  that  free  radicals 
are  formed  by  first-order  kinetics. 
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In  the  absence  of  sulfur  contaminants,  reactions  (31 }«  (3d)>  and  (39) 
cannot  take  place.  The  chain  tennlnatlon  by  reactions  (3^),  (35), 
(36),  or  (37;  detemlnes  the  order  of  reaction.  Since  chain  termina¬ 
tion  by  Interaction  of  long  radicals  according  to  reaction  (37)  gives 
a  l/2-order  reaction  rate  equation,  and  since  chain  termination  by 
Interaction  of  short  radicals  according  to  reaction  (37)  gives  a 
3/2-order  reaction,  both  reactions  were  disregarded  In  our  fui*ther 
treatment.  A  detailed  treatment  of  hydrocarbon  deccmposltlon  by  the 
Rlce-Herzfelder  mechanism  can  be  found  In  textbooks  (see  ref.  37)* 

The  rate  of  the  decomposition  reaction  can  be  expressed  as 


Rate  of  reaction 


W 


(rate  of  free  radical  formation)  x 

(rate  of  chain  propagation) _ 

rate  of  chain  termination 


This  equation  Is  too  complicated  to  pennlt  any  conclusions  to  be 
drawn,  and  even  for  pure  hydrocarbons,  sln^ler  forms  of  this 
equation  must  be  considered. 


For  pure  hydrocarbons,  two  chain  terminations  yield  first-order 
reaction  schemes;  termination  on  the  wall  and  Interaction  of  Ri 
and  Rz  radicals. 


For  termination  by  reaction  (34 ) : 

W  =  =  2k^ 


(41) 


and  If  termination  by  reaction  (35)  Is  considered: 

w  -  2ki(RiH)k3(Ri)  _  2kik3(RiH) 
k6(Ri ) (Re)  kevHs/ 


(42) 


The  rate  of  the  chain  reactions  must  be  equal. 


k3(Ri)  =  k4(R2)(RiH)  (43) 

and  the  rate  of  free  radical  formation  (equation  30 )  and  free 
radical  disappearance  (equation  35)  must  be  also  equal. 


2ki(RiH)  =  ka(Ri)(R2) 
From  equations  (43)  and  (44): 

[•>=1 


(44) 

(45) 
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Introducing  this  value  Into  equation  (42): 


(RiH)  (46) 

Both  equations  (4l)  and  (46)  are  first-order  rate  expressions. 

An  Inhibition  by  sulfur  contaminants  can  be  explained  by  rapid 
termination  of  chains  by  reactions  (38)  or  (39 Assuming  chain 
tezmlnatlon  preferentially  by  reaction  {38 ) : 


For  chain  termination  by  reaction  (39) : 

Equation  (47 )  represents  a  first-order  reaction  with  respect  to  RiH 
hydrocarbon  which  Is  Inhibited  by  Increasing  concentrations  of  the 
Si  organosulfur  radical  produced  from  the  sulfur  contaminant. 
Equation  (48)  Is  a  second-order  reaction  with  respect  to  the  hy¬ 
drocarbon,  and  Is  therefore  disregarded. 

An  acceleration  by  sulfur  contaminants  can  be  explained  by  rapid 
free  radical  formation  by  reaction  (31)  without  affecting  the  chain 
termination  step. 

Assuming  chain  Initiation  by  reaction  (31)  and  chain  termination  by 
reaction  (34)  we  obtain 

„  .  (R^H)(Si)  ,  (49J 


which  Is  a  first-order  reaction  with  respect  to  the  hydrocarbon, 
promoted  by  Increasing  concentrations  of  St  organosulfur  radical. 


Assuming  chain  termination  by  reaction  (35) 

w  ^  kg(RiH)(Si)k3(Ri)  _  kgka  (RiH)(Si)  (50) 

ke(Ri ) (Rg)  “  ke  vRg) 

and  using  the  same  conditions  as  for  equations  (43)  and  (44) 

k3(Ri)  =  k4(Rg)(RiH)  (43) 

kg(RxH)(Si)  =  ka(Ri)(Rg)  (51) 

(R.)  (52) 
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Introducing  this  value  Into  equation  (30) 


This  Is  a  flrst>order  reaction  with  respect  to  the  hir^K>odZ'b<m«  pro¬ 
moted  by  Increasing  concentrations  of  Si  organosulfur  radical.  The 
experimental  data  are  not  sufficiently  precise  to  permit  a  choice  be¬ 
tween  the  reaction  mechanisms  assumed  In  deriving  equations  (49) 

(3>).  Both  mechanisms  represent  the  trend  of  the  experimental  data. 

We  may  also  consider  the  case  where  both  the  chain  formation  Is  pro¬ 
moted  (equation  31)  smd  the  chain  termination  Is  accelerated 
(equations  38,39J  by  organosulfur  radicals.  If  reactions  {31)  and 
(38)  are  preferred,  the  result  Is 

W  -  (RiH)  (54) 

and  for  reactions  (31)  and  (39): 

W  -  (RiH)*  (55) 

1110 


In  both  cases,  the  reaction  rate  Is  Independent  of  t}»  concentration 
of  Si  radicals,  and  therefore  equation  (54)  and  (55)  do  not  repre¬ 
sent  the  experimental  results. 

In  summary,  the  rate  of  reaction  can  be  expressed  by  the  following 
equations: 


For  pui?e  hydrocarbons 


w  =.  (RiH) 

(41) 

w  » (RiH) 

(46) 

For  Inhibition  by  Si  radicals 

(47) 

And,  for  acceleration  by  Si  radicals 

W  -  (RiH)(Si) 

(49) 

These  results  explain  the  experimental  facts 
mechanlffln  of  the  hydrocarbon  decomposition  In 
the  presence  of  sulfur  contaminants. 

and  indicate  the 
the  absence  and  In 

To  obtain  in  each  case  the  first-order  kinetics  In  the  decomposition 
process  for  pure  hydrocarbons,  chains  must  be  terminated  either  by 
deactivation  of  the  long  free  radicals  on  the  wall  or,  preferably, 
by  interaction  of  long  end  short  free  radicals.  Both  of  these  chain 
terminations  result  in  a  first-order  kinetic  expression  as  given  by 
equation  (41)  or  (46). 
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For  inhibition  of  the  decoopoeltlon  in  the  presence  of  sulfur  con¬ 
taminants,  it  was  experimentally  shown  that  the  reaction  rate  Is 
Inversely  proportional  to  the  sulfur  contaminant  concentration.  An 
Interaction  of  long  free  radicals  with  organosulf'ur  radicals  ac¬ 
cording  to  reaction  (38)  yields  a  rate  equation  corresponding  to 
thla  behavior  (equation  47)  according  to  which  the  rate  of  decompo¬ 
sition  Is  proportional  to  the  hydrocarbon  concentration.  This  means 
flr8t-oz*der  kinetics  with  respect  to  the  hydrocarbon,  and  the  rate 
is  Inversely  proportional  to  the  contaminant  concentration. 

For  acceleration  of  the  decomposition  by  contaminants,  only  equation 
(49)  represents  the  experimental  data.  The  acceleration  can  be  ex¬ 
plained  here  by  hydrogen  abstraction  from  the  hydrocarbon  by  organo- 
sulfur  radicals  and  faster  chain  generation  due  to  the  presence  of 
the  contaminant . 

All  other  combinations  of  radical  Initiation  and  radical  terminations 
lead  to  kinetic  expressions  that  do  not  express  the  experimental  re¬ 
sults  properly. 

The  different  behavior  of  Isoparafflnlc  hydrocarbons  compared  with 
n-parafflnlc  and  naphthenic  hydrocarbons  can  be  explained  by  the 
ease  of  abstracting  hydrogen  atoms  from  the  Iso-parafflns,  and  by 
the  higher  stability  of  n-parafflns  and  naphthenlcs  toward  hydrogen 
abstraction.  Because  of  this  difference  In  the  behavior  of  hydro¬ 
carbons,  the  organosulfur  radicals  formed  In  the  decomposition  of 
the  contaminants  are  used  up,  either  In  the  Initiation  step  accelera¬ 
ting  the  reaction  or  In  the  chain  termination  step  Inhibiting  the 
decomposition  reaction. 

<?.  SUIFOH  CONTAMINATION  AND  PARTICLE  FORMATION 

Earlier  work  showed  that  the  formation  of  Insoluble  particles  In  the 
reaction  tubes  takes  place  after  decomposition  has  proceeded  (ref. 

38)  to  a  certain  extent,  usually  about  30^  or  more.  Because  of  the 
fundamental  Importance  of  particle  foimatlon  in  this  project.  It 
was  of  Interest  to  detennlne  whether  the  observed  decomposition  rate 
changes  were  accompanied  by  corresponding  and  normal  changes  In  the 
extent  of  particle  formation. 

An  experimental  study  was  made  of  the  decomposition  of  decalln  whose 
decomposition  rate  was  Inhibited  by  sulfur  compounds  and  also  of 
2,2,8,8-tetramethylnonane  whose  decomposition  rate  was  accelerated. 
The  usual  particle  counting  techniques  developed  In  this  project 
were  used  as  was  the  standard  terminology  (ref.  38).  An  added  piece 
of  Information  wsis  obtained  In  the  decalln  study  by  measuring  the 
light  transmittance  of  the  reacted  liquid  mixture  contained  In  the 
glass  reaction  tube.  A  Coleman  model  l4  spectrophotometer  was  used, 
and  the  relative  optical  density  of  the  samples  was  recorded  to 
Judge  the  effect  of  contamination. 
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The  data  of  this  study  are  shown  In  Table  20.  For  decalln,  the  In¬ 
hibition  of  cracking  caused  by  the  presence  of  t-butyldlsulflde 
was  accompanied  by  a  lighter  color  In  the  reacted  sample,  a  lowered 
optical  density,  and  a  reduction  In  the  number  and  size  of  particles 
With  2,2,8,8-tetramethylnonane,  the  Increased  decomposltlcn  In  the 
contaminated  samples  was  paralleled  by  an  Increase  In  number  and 
size  of  paz*tlcles.  In  this  case,  however,  the  color  remained  the 
same. 

Prom  these  results  It  Is  concluded  that  the  effect  of  an  organo- 
sulfur  contaminant  In  changing  the  decomposition  and  particle  forma¬ 
tion  rates  of  a  hydrocarbon  Is  similar  to  that  obtained  In  changing 
the  residence  time  or  temperature  In  the  reaction  tube.  This  con¬ 
clusion  may  not  hold  generally,  however,  at  hlgher-than-normal 
contarolnant  concentrations  (above  0.1$^)  where  the  organosulfur 
compound  Itself  could  perhaps  form  a  significant  amount  of  particles 
by  cracking  and/or  pol^erlzatlon. 

D.  DECOMPOSITION  IN  THE  PRESENCE  OP  AIR  AND  CONTAWIKAlir 
1.  Synergetic  Effect 

When  cetane  contalnlr^  2.0  wt-^  of  phenyldlsulflde  as  a  contaminant 
was  thermally  decomposed  In  the  presence  of  air  a  synergetic  effect 
was  observed  between  the  air  and  the  sulfur  contaminant  In  the 
formation  of  particles.  Thus,  the  ntunber  of  Insoluble  particles 
formed  in  reacted  samples  was  greater  than  could  be  logically  pre¬ 
dicted  from  the  effects  of  sulfur  and  air  acting  alone.  This  ob¬ 
servation  was  not  made  with  5*-n-propylnonane  and  decalln.  Indicating 
that  the  substrate  had  much  to  do  with  the  observed  effect. 

Because  of  the  potential  Importance  of  this  synergetic  behavior  It 
was  decided  to  extend  the  experimental  work  In  this  area.  H^drlndan 
2,2,8,8-tetramethylnonane,  2,9-dlmethyldecane,  and  n-hexadecane 
were  contaminated  with  0.1  wt-^  t-butyldlsulflde  and  decoiig>osed  with 
and  without  the  presence  of  air.  Pour  samples  were  run  in  each  ex¬ 
periment,  which  utilized  the  usual  static  apparatus  and  technique. 
Three  of  the  samples  were  controls;  a  detailed  description  of  the 
samples  follows: 

(a)  Control,  evacuated,  no  t-butyldlsulflde 

(b)  Control,  air  bubbled  through  the  substrate  at  room  temperature 
for  5  minutes,  no  evacuation  and  no  t-butyldlsulflde 

(c)  Control,  evacuated  but  with  0.1^  t-butyldlsulflde 

(d)  Air  bubbled  through  for  5  minutes  at  room  temperature,  no 
evacuation,  and  contained  0,1^  t-butyldlsulflde. 


Table  20 


PARTICIE  FORMATION  IN  SAMPLES  CONTAMINATED  WITH 
t-BTJTYLDISULPIDE 


Hours 

22.5 

22.5 

22.3 

t-Butyldlsulf Ide , 
wt-J< 

0 

0.01 

0.1 

%  Cracked 

49.7 

46.2 

^5.9 

*Optlcal  Density 

0.22 

0.22 

0.09 

Particles 

4AI-24 

4AI-1^ 

lAI-lp 

Color 

dark  amber 

dark  brown 

amber 

Decalln  at  800*P  (inhibition) 


2,2,8,8-Tetrainethylnonane  at  S00*P 


Hours 

1.5 

1.5 

3 

3 

t-Butyldlsulf Ide, 

«t-^ 

0 

0.1 

0 

0.1 

%  Cracked 

31.1 

55.4 

53.7 

72.1 

Particles 

none 

lAS-l-2|i 

lAS- 

2-4vi 

50-3001 

pieces  < 

fused 

polymer 

Color 

amber 

amber 

dark 

brown 

dark 

brown 

^Optical  density  U  -log  transmittance)  measured  on  a  Coleman  Model  14 
Spectrophotometer  using  a  purple  filter  14-214  and  650  m^  light. 
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No  evidence  of  a  synergetic  effect  on  particle  fonnatlon  was  observed 
In  these  experimental  runs.  Any  Increase  In  the  niunber  of  particles 
In  a  particular  reaction  tube  was  accompanied  by  an  Increased  level 
of  conversion  and  was  therefore  to  be  ejected. 

Since  po  evidence  for  a  synergetic  effect  had  been  found,  a  repeat 
of  the  original  experiment  using  cetane  and  2  wt-^  phenyldlsulflde 
was  made.  Once  again,  four  samples  wer^  run.  The  reaction  tempera¬ 
ture  was  SOO^F  and  the  residence  time  at  that  temperature  was  two 
hours.  The  data  are  presented  In  Table  21. 

The  usual  Inhibition  of  decomposition  rate  by  the  sulfur  contaminant 
was  observed  but  there  was  no  effect  on  the  decomposition  rate  due 
to  the  presence  of  air.  Therefore,  the  very  considerable  Increase 
In  the  amount  of  paz*tlcles  found  In  the  fample  containing  both  air 
and  the  sulfur  compound  can  only  be  explained  by  synergetic  behavior. 

In  the  pe.st.  It  was  generally  observed  that  the  extent  of  particle 
formation  was  closely  related  to  the  degree  of  conversion:  the  more 
conversion,  the  greater  the  particle  formation.  In  this  experiment, 
the  two  control  samples  which  had  no  sulfur  contamination  were  de¬ 
composed  to  the  greatest  extent  but  It  was  the  sample  containing 
both  sulfur  and  air  that  showed  the  greatest  particle  fonnatlon. 

This  was  further  evidence  of  synergetic  behavior. 

An  experiment  with  2  wt-^  of  t-butyldlsulflde  In  cetane  showed  simi¬ 
lar  synergetic  behavior  when  air  was  present  in  the  reaction  tube. 
When  0.1  wt-J^  of  t-butyldlsulflde  In  n-hexadec6me  was  used,  no 
Increase  In  particle  formation  could  be  discerned.  It  therefore 
seems  probable  that  the  Increase  In  particle  formation  la  caused  by 
polymerization  of  the  organosulfur  contaminant  Itself.  The  role  of 
the  hydrocarbon  substrate  Is  not  clear.  Synergetic  behavior  has  been 
observed  only  where  n-hexadecane  was  the  substrate. 

2.  Prolonged  Air  Exposure 

The  question  Investigated  was  whether  or  not  sulfur  contamination 
plus  prolonged  exposure  to  air  would  bring  about  particle  formation 
at  low  temperature  with  a  short  reaction  time.  TOie  practical  situa¬ 
tion  envisaged  was  that  of  a  supersonic  aircraft  carrying  fuel  con¬ 
taining  a  sulfur  contaminant  making  a  flight  of  a  few  hours  and  then 
sitting  Idle  for  a  few  days.  The  question  of  Interest  was  whether 
the  residual  fuel  In  the  aircraft's  tanka  would  be  contaminated  by 
the  formation  of  particles. 

The  hydrocarbon  substrate  chosen  was  2,2,8,8-tetramethylnonane,  a 
relatively  stable  branched  peucaffln,  but  one  whose  rate  of  decompo¬ 
sition  was  much  accelerated  by  the  presence  of  0.1  wt-jK  t-butyldl¬ 
sulflde,  the  contaminant  for  this  experiment.  All  samples  tubes 
were  run  for  4  hours  at  700“P.  Half  of  the  tubes  were  evacuated, 
and  the  other  half  were  sealed  with  air  In  them.  In  addition,  air 
was  bubbled  through  the  hydrocarbon  for  five  minutes  at  room 
temperature  before  sealing  the  tubes. 


Table  2l 


PARTICLE  FORMATION  IN  n>HEXAOECANE  DECOMPOSITION; 
THE  SYNEROETIC  EFFECT  OF  AIR  AND  PHENYLDISULFIDE 


Reaction  Temperature:  800 *F 

Reaction  Time:  2  hours 

Contaminant:  2  wt*^  phenyldlaulflde 


Sample 

Cracked 

Particles 
(relative  amount) 

O-Hexadecane,  evacuated 

82.2 

moderate,  normal 

n>Hexadecane,  air  In  tube 

81.1 

moderate,  normal 

n-Hexadecane,  air  In  tube,  with 

2^  phenyldlsulflde 

65.8 

! 

most,  abnormal 

n-Hexadecane ,  evacuated,  with 
^  phenyldlsulflde 

62.4 

least,  normal 
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A  pair  of  tubes  (with  and  without  air)  was  opened  Immediately  after 
removal  from  the  furnace  and  the  extent  of  reaction  determined  while 
another  such  pair  of  tubes  was  left  sealed  for  three  more  days.  In 
addition,  the  liquid  reaction  products  of  each  pair  were  run  on  the 
chromatograph  every  day  for  the  ensuing  three  days.  In  this  way.  It 
was  hoped  to  discover  any  tendency  to  form  particles  In  san^les 
exposed  to  air  for  prolonged  periods  of  time  after  relatively  mild 
cracking  conditions. 

All  of  the  samples  were  decomposed  about  15$^  and  the  results  agreed 
with  each  other  within  experimental  error.  There  was  no  change  In 
the  decomposition  level  or  In  the  color  of  the  reacted  hydrocarbon 
upon  standing  whether  exposed  to  air  or  not.  No  particles  were  ob¬ 
served  In  any  sample.  These  results  can  be  taken  as  further  evi¬ 
dence  that  the  real  dangers  of  sulfur  contamination  of  hydrocarbon 
fuels  lie  in  high  reaction  temperatures  (800°F)  and  high  contaminant 
levels  (over  1  wt-5^). 


VII.  DECOMPOSITION  OP  BINARY  MIXTDRES 
A.  EXPERIMENTAL 

Much  data  has  been  compiled  on  the  decomposition  rates  of  individual 
pure  hydrocarbons.  These  data  would  be  much  more  valuable  if  they 
could  be  used  to  predict  the  decomposition  rate  of  mixtures  of  hydro¬ 
carbons.  With  this  objective  several  binary  hydrocarbon  mixtures  were 
studied  experimentally. 

Ra^es  of  decomposition  or  cracking  were  determined  at  constant  tempera¬ 
ture  around  800*F  using  the  usual  sealed  glass  tubes  to  contain  the 
hydrocarbons.  The  furnaces  available  held  six  tubes  each.  The  mix¬ 
tures  wex*e  studied  using  only  six  tubes  so  that  just  one  furnace  was 
needed  to  contain  the  reaction  tubes.  Thus  temperature  variation 
between  the  tubes  was  eliminated. 


Considering  a  binary  mixture  of  A  and  B  the  six  reaction  tubes  were 
made  up  as  follows  on  a  volume  basis:  pure  A,  95^  A  +  5^  B, 

75%  A  +  255^  B,  505^  A  +  505^  B,  255^  A  +  75?^  B,  and  pure  B.  All  six 
tubes  were  heated  for  the  same  time  period. 

A  vapor  phase  chromatograph  was  used  to  determine  the  amount  of 
unreacted  A  and  B  in  the  ^esidua^  liquid  after  reactions.  In  Figure 
21  the  blank  VPC  peaks,  A  and  B  of  the  original  unreacted  mixture 
are  shown,  together  with  the  residual  peaks  A  and  B.  The  liquid  phase 
cracked  products  show  up  as  a  conglomeration  of  peaks. 

The  ratio  of  peak  area  A  to  peak  area  a"  gives  the  fraction  of  A 
undecomposed  and  permits  calculation  ov’ the  first-order  deconQ>osl^lon 
rate  constant  of  A,  kA.  Similarly  ks  is  calculated  from  the  B/B 
peak  area  ratio. 

Pure  A  and  pure  B  were  cracked  slm^ltaneo\}sly  with  the  blends  and  so 
the  pure  A  and  B  rate  constants,  kA  and  kB>  were  available  for  com¬ 
parison  with  the  kA  and  kB  values  of  the  mixtures.  In  this  way  any 
Interference  in  the  cracking  of  A  by  the  presence  of  B,  or  vice  versa, 
could  be  detected. 


The  results  showed  such  a  definite  interference  that  it  seemed  unlikely 
that  an  overall  rate  for  the  mixture  could  be  predicted  from  the  de¬ 
composition  rates  of  the  pure  individual  hydrocarbons.  Nevertheless, 
the  overall  decomposition  rate  for  each  mixture  was  calculated  fxom 
the  experimental  results  as  follows: 

(kAB)  exp.  -  I  In 

In  practice,  the  form  of  the  equation  used  was: 


(kAB)  log  |j*(l-x)  +  (1-a)  (1-y)  j 


(57) 
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Figure  21.  Typical  Chromatograph  for  Binary  Mixture  Decomposition 


where, 

t  ■  reaction. time 

a  >  fraction  of  A  In  mixture  before  reaction 
1-a  «  fraction  of  B  In  mixture  before  reaction 
1-x  ■  fraction  of  A  remaining  after  reaction 
1-y  •  fraction  of  B  remaining  after  reaction 

These  symbols  are  used  In  the  data  tables . 

nils  procedure  gives  the  i?ate  constants  of  decomposition  of  the 
binary  mixture  assuming  that  only  a  single  species  (A  +  B)  Is  present. 
This  rate  constant  Is  referred  to  as  (Ic^b)  exp.  or  the  experimental 
value  of  the  over-all  rate  constant. 

If  we  assume  that  the  two  components  of  the  mixture  decompose  in¬ 
dependently,  knowing  th§  rate  constants  of  decomposition  of  the 
pure  compounds  k&  and  k^,  the  residual  concentration  of  each  compound 
vAcalc  and  BcalcT  ^^an  be  calculated.  If  we  now  introduce  these 
calculated  residual  concentrations  Into  equation  (37),  we  obtain  a 
second  set  of  kAB  values,  which  are  called  (kAB)calc.  or  the  calculatec 
theoretical  over-all  rate  constants. 

These  two  sets  of  rate  constants  are  compared  graphically  in  Figures 
24,  27,  30,  33,  36  and  39. 

B.  RESULTS 

The  rate  constant  data  presented  here  may  not  always  agree  exactly 
with  those  previously  tabulated  since  generally  the  latter  were 
average  values.  These  new  data  are  relative  and  can  be  readily  com¬ 
pared  with  each  other  since  the  experimental  conditions  were  entirely 
Identical  In  the  six  samples  of  any  mixture  experiment. 

For  each  of  the  binary  mixtures  Investigated  a  summarizing  table  and 
three  graphs  are  presented.  The  symbols  used  are  as  follows: 

C  -  n-hexadecane 

D  «>  decalln 

H  =»  hydrlndan 

M  =  methyl  hydrlndan 

N  =>  2,2,8,8-tetramethylnonane 

X  »  t-butylcyclohexane 

A  superscript  zero  Indicates  that  the  value  was  determine^  by  experi¬ 
menting  with  a  pure  Individual  component.  For  example,  k<;  means  the 
decomposition  rate  constant  for  pure  n-hexadecane. 

1.  n-Hexadecane  -  Decalln 

This  mixture  was  particularly  Interesting  because  of  the  very  great 
difference  In  structure  and  decomposition  rate  for  the  two  hydrocarbon 
Referring  to  Figures  22  and  23,  it  Is  clear  that  the  decalln  and  n- 
hexadecane  interfered  with  each  others'  decomposition.  The  decomposi 
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kD,  hr**^  X  10” 


Figure  22.  The  Effect  of  Dilution  with  n-Hexadecane  (C) 

on  the  Decomposition  Rate  Constant  of  Decalln  (d) 
at  700"P 
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Figure  23.  The  Effect  of  Dilution  with  Decalin  (d)  on  the 

Decomposition  R?!te  Constant  of  n-Hexadecane  (C 
at  700®F 


tlon  of  the  slow  reactliig  decalln  was  significantly  speeded  up  by  the 
presence  of  the  decomposing  cetane.  Conversely,  the  cracking  of  n- 
hejcadecane  was  slowed  by  the  presence  of  decalln  In  the  reaction  tube. 

A  seemingly  linear  relationship  between  the  Individual  rate  constants 
and  concentration  In  the  mixture  was  demonstrated. 

In  Table  22  the  overall  k  values  for  the  mixture  (kcD)  exp,  which  were 
calculated  from  the  experimentally  determined  residual  concentration  of 
cetane  and  decalln  (after  pyrolysis),  are  listed  together  with  the 
constants  calculated  knowing  the  decomposition  behavior  of  the  pure 
components  only.  In  Figure  24  the  two  sets  of  k(^  values  were  plotted 
against  the  composition  of  the  mixture.  In  this  plot  and  the  similar 
ones  for  the  other  mixtures,  the  correlating  line  Is  drawn  through 
the  experimentally  determined  values.  The  calculated  values  were  then 
superimposed.  Unless  a  very  definite  curvature  In  the  correlation  could 
be  discerned  (such  as  for  the  n-hexadecane  decalln  data)  a  straight 
line  was  drawn. 

The  agreement  between  the  experimental  and  calculated  values  was  excep> 
tlonally  good.  The  decomposition  rate  of  the  n-hexadecane-decalln 
mixture  changed  smoothly  with  concentration  from  the  lowest  value  for 
pure  decalln  to  the  highest  for  pure  n-hexadecane.  Knowing  only  the 
decomposition  rates  of  pure  n-hexadecane  and  pure  decalln  It  was 
possible  to  calculate  the  rate  for  any  blend  of  these  two  hydrocarbons 
with  good  accuracy. 

2.  Hydrlndan -Decal In 

Unlike  n-hexadecane  and  decalln,  hydrlndan  and  decalln  were  much  more 
alike  in  structure  and  decomposition  rate.  Both  are  fused-rlng 
saturated  naphthenes.  It  was  therefore  Interesting  to  observe  the 
same  Interaction  between  the  decompositions  (see  Figures  25  and  26); 
hydrlndan  cracking  was  slowed  down  and  decalln  cracking  was  speeded 
up  when  they  were  pyrolyzed  together  In  various  binary  mixtures. 
Furthermore,  the  predictability  of  the  rate  constant  of  the  mixture 
kHD  from  the  Individual  rate  constants  of  hydrlndan  and  decalln,  kH 
and  k5  was  once  again  very  good.  The  calculated  values  are  shown 
In  Figure  27  superimposed  on  the  line  through  the  values  obtained  by 
experiment . 

3.  Te tramethylnonane- t - but y Icy c lohexane 

Ihls  mixture  was  cracked  during  I962  as  a  first  attempt  at  the  study 
of  mixtures,  and  the  data  were  reported  In  the  annual  report  of  that 
year  (ref.  38).  These  data  were  obtained  by  different  workers  than 
those  presently  Investigating  on  the  project.  It  Is  therefore 
gratifying  that  the  values  and  the  trends  of  these  older  results  agree 
well  with  the  data  obtained  In  the  recent  experimental  work.  Once 
again  the  mutual  Interference  In  cracking  of  components  was  observed 
and  the  check  between  calculated  and  experimental  values  of  the  mixture 
decomposition  rates  was  again  sufficiently  accurate  for  practical  use. 
The  recent  experimental  work  Is  presented  as  Table  24  and  Figures  28 
to  30.  The  earlier  work  Is  given  In  Table  25  and  Figures  3I  to  33. 


CRACKINa  OP  BINARY  M: 
n-HEXADECANE-DECALIN 
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Fraction  Decalln  in  Ifydrlndan/Decalln  Mixture 


Figure  25.  Effect  of  Dilution  with  Ifydrlndan  (h) 
on  the  Decomposition  Rate  Constant  of 
Decalln  (d)  at  750*F 


Fraction  }|ydrlndan  in  ifydrlndan/Decalln  Mixture 


Figure  26.  Effect  of  Dilution  with  Decalln  (d) 

on  the  Decomposition  Rate  Constant  of 
Hydrlndan  (H)  at  750 •f 
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gure27.  Decomposition  Rate  Constants  of  I^/drlndan-Decalln 
Mixtures  at  750®P 


THEBMAL  CRACKING  OP  BINARY  MIXTURES 
2,2,8,8-TETRAMETHYLNONANE-t-BUTYIiCYCLOHEXANE  (N-X) 
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Figure  28.  The  Effect  of  Dilution  with  2, 2,8,8- 

Tetramethylnonane  (N)  on  the  Decomposition 
Rate  Constant  of  t -Butyl cyclohexane  (X) 
at  800 
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yx*actlon  of  2f2,d|8-T8tramethylnoneuie  In  a  2«2,8.8- 
Tetramethylnonane/t-Butyl cyclohexane  Mlxtiire 


Figure  29. 


The  Effect  of  Dilution  with  t^Butylcyclohexane 
\X)  on  the  Decomposition  Rate  Constant  of  2,2, 8,8- 
Tetramethylnonane  (N)  at  800*P 
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Figure  30.  Decomposition  Rate  Constant  of  2, 2,8,8- 

Tetramethylnonane-t-Butylcyclohexane  Mixtures 
at  800*P 
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THERMAL  CRACKING  OP  BINARY  MIXTURES 
2,2,8,8-TErRAMETHYLNONANE-t-BUTyLCYCLOHEXANE  (N-X) 


Fraction  of  t-Butylcyclohexane  in  Mixture  of  2,2,8,8- 
Tetramethylnonane  and  t -Butyl cyclohexane 

Figure  51.  Effect  of  Dilution  with  2, 2,8,8- 

Tetraoiethylnonane  (n)  on  the  Decomposition 
Rate  Constant  of  t-Butylcyclohexane  (X)  at 
8 


Fraction  of  2f2.8.8-Tetramethylnonane  In  a 
fflixtiire  of  2,2,d,d-Tetramethylnonane  and 
t -Butyl cyclohexane 


Figure  32.  Effect  of  Dilution  elth  t-Butyl- 

cyclohexane  (X)  on  the  Decomposition  Rate 
Constant  of  2,2,8,8-Tetramethylnonane  (N) 
at  800*F 
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Figure  33.  Decomposition  Rate  Constants  of  2, 2,8,8- 
Tetramethylnonane  (n)  — t-Butylcyclohexane 
(X)  Mixtures  at  800*F 
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4.  t«Sutylcyclohexane  -  Methylhydrlndan 


The  data  obtained  In  cracking  this  mixture  were  not  as  complete  as 
those  discussed  for  the  other  mixtures, but  the  same  general  results 
■were  obtained.  The  values  of  the  rate  constants  for  pure  t-butylcyelo* 
hexane  and  methylhydrlndan  were  close:  0.207  and  0.149  hiri,  respec¬ 
tively.  It  was  surprising  therefore  to  see  such  a  change  In  the 
Individual  rate  constants  caused  by  decomposing  them  In  a  mixture.  The 
data  for  this  mixture  are  presented  In  Table  26  and  Figures  34  through  36. 

5.  n-Hexadecane  -  Tetramethylnonane 

The  data  from  cracking  this  mixture  were  the  least  reliable  of  all, 
but  the  results  added  some  support  to  the  findings  from  the  other 
experiments.  It  Is  likely  that  the  short  residence  time  of  this 
experiment  (1  hour  vs  166.5  hour  for  the  cetane  -  decalln  mixture) 
had  an  effect  on  the  quality  of  the  data.  Table  27  and  Figures  37 
to  39  givo  the  correlations. 
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THERMAL  CRACKING  OF  BINARY  MIXTURES 
t-BUTYLCYCLOHEXANE  -  METHYLHYDRINDAN 
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Fraction  of  Methylhydrlndan  In  a 
Mathylhydrlndan  — t*Butylcyclohexane 
Nixtiire 


Figure  3^. 


Effect  of  Dilution  with  t-Butylcyclo- 
texane  (X)  on  the  Decomposition  Rate  Const^ 
of  Methylhydrlndan  (M)  at  800®F 
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Figure  35*  Effect  of  Dilution  with  Met hy Ihydr indan 

(m)  on  the  Decomposition  Rate  Constant  of 
t -Butyl cyclohexane  (X)  at  800"F 
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Figure  36.  Decanposltlon  Rate  Constants  of  t-Butylcyclohexane 
Methylhydrlndan  Mixtures  at  800*P 


THERMAL  CRACKING  OP  BINARY  MIXTURES 
-HEXADECANE  -  2,2,8,8-TETRAMHrHYLNONANE 
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Figure  37*  Effect  of  Dilution  ulth  2j2,8>8-Tetrainethyl* 
nonane  (N)  on  the  Decompoalllon  Rate  Constant  of 
n-Hexadecane  (c)  at  800*F 
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Figure  38.  Effect  of  Dilution  with  n-Hexadecane  Cc) 
on  the  Decomposition  Rate  Constant  of  2,2,8>8 
Tetramethylnonane  (n)  at  800 *F 
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Figure  39*  Decomposition  Rats  Constants  of  n-Hexadecane 
242,d,8<-Tetranethylnonane  Mixtures  (SOO^’F) 


VIII.  MICRO-COKER  DEmOPKENT 


Decomposition  experiments  have  been  conducted  In  the  alcro-coker 
covering  a  range  of  conditions  with  various  fuels.  These  teats 
have  showed  that  the  micro-coker  Is  a  useful^  reliable  research 
tool. 


A.  EQUIPMENT 

The  equlnnent  was  described  In  detail  In  the  previous  annual  report 
(ref.  39)  on  this  contract  and  the  general  layout  of  the  unit  was 
shown  In  Figure  18,  p.  42  of  that  report.  No  substantial  changes 
have  been  made  In  the  equipment  or  the  test  procedure.  However,  the 
reactor  was  modified.  Preliminary  experiments  showed  that  modifying 
the  helical  reactor  Into  a  flat  plate  with  gp:‘ooves  not  only  sim¬ 
plified  the  design  but  provided  easy  and  reliable  sealing,  and  had 
the  additional  advantage  of  providing  the  test  plate  with  the  de¬ 
posit  on  It  as  a  permanent  record  of  the  test.  For  these  reasons, 
the  flat  reactor  was  preferred,  and  all  the  tests  reported  here  were 
conducted  with  It. 

The  dimensions  of  the  micro-coker  were  chosen  so  that  It  could  be 
Inserted  Into  the  high  pressure  vessel  and  still  provide  a  38.4-lneh 
long  test  groove.  The  reactor  Is  shown  In  Figure  40.  The  x>eactor 
consists  of  four  main  parts:  (l)  reactor  body  with  the  grooves, 

(2)  test  plate,  which  covers  the  test  grooves,  (3)  cover  plate, 
and  (4)  clamping  bolts. 

The  reactor  body  covered  with  the  test  plate  forms  a  duct  of  rectangu 
lar  cross  section  for  the  fuel  flow.  The  clamping  bolts  and  the 
cover  plate  hold  the  test  plate  against  the  reactor  bo^  with  suf¬ 
ficient  force  to  seal  against  leakage. 

The  fuel  Is  fed  through  a  0.04l-lnch  I.D.  stainless  steel  hypodermic 
tube.  The  feed  line  Is  Joined  to  the  body  of  the  reactor  by  high 
pressure  fittings.  The  preheated  fuel  flows  throu^  the  test 
grooves,  leaves  the  reactor  and  the  high  pressure  vessel  through 
stainless  steel  hypodermic  tubing,  and  enters  the  pzressurlzed  sample 
chamber.  Any  Instability  of  the  fuel  towards  deposit  formation  due 
to  thermal  stressing  is  shown  by  deposition  and  discoloration  of 
the  test  plate  and  grooves. 

After  completion  of  a  run,  the  fuel  path  is  flushed  with  nitrogen, 
and  the  reactor,  after  cooling  to  room  temperature.  Is  disassembled. 
The  test  plate  Is  checked  for  signs  of  leakage  and  Is  evaluated. 

Each  run  is  made  with  a  new  test  plate,  and  the  used  plates  are  pre¬ 
served  as  a  record  of  the  test. 
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The  reactor  body,  the  new  test  plate,  and  the  cover  are  carefully 
cleaned  and  polished  for  the  next  run. 


B.  TEST  RESULTS 

Tests  were  conducted  with  the  flat  micro  coker  to  determine  the  ef¬ 
fect  of  temperature,  pressure,  test  plate  material,  and  different 
fuels  on  the  nature  and  extent  of  test  plate  deposits. 


1.  Effect  of  Temperature,  Pressure,  and  Plate  Material 

The  test  results  of  a  ten-run  series,  conducted  at  a  feed  rate  of 
5  ml  per  hour,  are  given  In  Figure  41  frOTi  which  the  following 
conclusions  can  be  drawn: 

(a)  There  Is  hardly  any  deposit  formed  on  the  plates  In  the 
600 ®P  reactor  temperature  range  at  500  pslg  pressure. 

(b)  In  the  600-850®P  range  the  correlation  between  tmpera- 
ture  and  deposit  length  shows  a  linear  trend. 

(c)  Between  850  and  950 *P  there  Is  a  transient  zone  where 
deposits  are  no  longer  discernible  at  the  Inlet  but 
begin  to  apoear  at  the  outlet. 

(d)  At  950 ®P,  deposits  can  only  be  found  at  the  outlet  end 
of  the  test  plate. 

This  behavior  Indicates  that  under  these  test  conditions  two  temper¬ 
ature  ranges  for  deposit  formation  can  be  distinguished,  the 
transition  between  these  two  ranges  being  at  850-950*^.  In  the  low 
temperature  range,  contaminants,  dissolved  oxygen,  and  oxidative 
degradation  are  probably  responsible  for  the  observed  deposits.  In 
the  high  temperature  range,  above  900®P,  the  processes  leading;  to 
deposits  must  be  similar  to  those  studied  In  the  static  tester. 

The  temperature  limits  for  each  of  these  zones  must  be  a  strong 
function  of  the  experimental  conditions,  mainly  the  residence  time 
at  these  elevated  temperatures.  Vapor  phase  chromatography  of  the 
stressed  fuels  showed  no  detectable  changes  In  the  fuel  In  the  runs 
at  lower  temperatures.  Yet,  deposits  were  observed  at  the  Inlet 
In  these  tests. 

The  color  of  the  deposit  on  type  502  stainless  test  plates  charac¬ 
teristically  changes  from  metal,  to  light  gray,  to  du’k  gray,  to 
dark  black  with  Increasing  temperature .  The  reported  deposit 
length  Includes  the  light  gray  through  dark  black  sections. 
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Length  of  Observed  Deposit  (from  Inlet),  Inches 


Figure  ^1*  Effect  of  Temperature  on  Deposit  Length, 
Type  502  Stainless  Steel  Test  Plates 


Although  there  were  not  sufficient  runs  performed  to  elucidate  the 
effect  of  pressure  on  deposit  length  using  type  302  stainless 
plate,  one  run  at  atmospheric  pressure  and  630**F  shewed  that  the 
pressure  change  from  atmospheric  to  300  pslg  decreased  the  deposit 
length  substantially . 

Further  Investigations  were  conducted  to  obtain  more  data  on  the 
effect  of  pressure  and  test  plate  material.  Since  aluminum  Is  widely 
used  In  both  fuel  test  equipment  and  In  airplanes,  two  sets  of  ex¬ 
periments  were  carried  out  with  aluminum  test  plates.  The  results 
are  presented  In  Figures  42  and  43. 

The  linearity  of  the  deposit  length  vs  temperature  curve  is  similar 
to  the  curve  obtained  with  stainless  steel  plates  up  to  the  trans¬ 
ition  point.  Figure  42  shows  that  some  deposit  starts  to  build 
up  at  the  outlet  end  while  the  length  of  deposit  troa  the  Inlet  con¬ 
tinues  to  Increase.  As  the  temperature  Increases,  tte  length  of  the 
deposit  extends  from  both  ends  and  around  970- 975 *F  the  two  deposit 
paths  meet  resulting  In  a  completely  covered  plate.  The  deposit 
length  from  the  Inlet  does  not  decrease  to  a  minimum  as  It  does  In 
the  case  of  stainless  steel.  At  atmospheric  pressure,  the  length 
of  deposit  was  Increased  as  shown  In  Figure  43.  The  rate  of  Increase 
with  temperature  Is  also  somewhat  higher  at  atmospheric  pressure. 

While  the  Increase  In  deposit  length  with  tanperature  Is  much  greater 
(about  7  times)  with  aluminum  than  with  stainless  steel,  the  first  ■ 
appearance  of  deposits  on  aluminum  occurs  at  a  much  higher  tempera¬ 
ture.  The  fact  that  higher  temperatures  are  required  for  deposit 
formation  on  aluminum  suggests  that  type  302  stainless  steel 
catalyzes  the  reactions  leading  to  deposit  formation,  lowering 
the  activation  energy  for  these  reactions.  This  is  further  borne 
out  by  the  rapid  Increase  In  deposit  length  on  aluminum,  since 
a  higher  activation  energy  with  alumlniam  would  make  the  reactions 
a  much  stronger  function  of  temperature.  The  Increase  In  deposit 
length  (from  che  outlet)  with  temperature  above  the  transition 
region  Is  rr.pld  with  both  stainless  steel  and  aluminum  being 
only  slightly  greater  with  aluminum  (Figures  41  and  42),  This 
would  Indicate  that  stainless  steel  Is  not  catalytic  for  the  decompo¬ 
sition  reactions  leading  to  deposits  at  the  outlet.  It  has  already 
been  postulated  that  these  reactions  are  of  the  same  nature  as  those 
studied  in  the  static  test  equipment  where  only  minor  variations 
were  noted  In  decomposition  with  stainless  steel  present.  The 
catalytic  action  of  stainless  steel,  as  compared  to  aluminum  In  de¬ 
posit  formation  at  lower  temperatures,  has  been  noted  previously 
In  CRC  Fuel  Coker  tests, 

2 .  Effect  of  Feed  Material  and  Comparison  of  Results  With  CRC 
7?^er  Daia  .  ■ 

Pr  illmlnary  experiments  showed  that  type  304  stainless  steel  test 
plates  produced  a  different  type  of  deposit  than  that  previously 
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Figure 


42. 


Effect  of  Temperature  on  Deposit  Lencth 
Aluminum  Test  Plates  ^ngxn. 
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Length  of  Observed  Deposit  (from  outlet).  Inches 

(Dashed  Curve) 


Length  of  Obeervecl  Deposit  (from  Inlet),  Inches 


Figure  43.  Effect  of  Pressure  and  Temperature  on  Deposit 
Length,  Aluminum  Test  Plates 
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found  on  tho  alualnua  and  302  stalnloaa  atoel  plates.  While  the 
latter  two  deposits  fall  Into  the  grsy-blaok  category^  the  304 
atalnless  steel  plates  shoued  a  variety  of  deposits  oonparable 
with  the  CRC  preheater  tube  deposit  rating  Tests  were  made  on  a 
number  of  fhels  at  500  pslg  pressure,  75<^  reactor  tea^erature, 
and  3  ml/hr  flow  rate  with  304  stainless  steel  pUtes.  These  con 
dltlons  were  used  since  they  resulted  In  ratings  In  the  CRC  scale 
range. 

The  deposit  ratings  of  the  test  plates,  according  to  the  CRC  depo 

?eale,  aM  plotted  for  each  fuel  against  the  CRC  rating  of  the  fu 
ref.  40)  In  Figure  44.  The  test  plate  ratings  are  generally  hlg 
than  the  CRC  ratings,  but  the  maylinun  deviation  Is  one  rating  uni 

The  mloro-coker  test  plate  permits  the  observation  of  the  pattern 
the  deposit  In  a  flow  reactor.  It  permits  the  study  of  the  depos 
material  by  supplying  samples  for  chemical  analysis  or  x-ray 
fluorescence  measurement.  The  micro-coker  seems  to  be  an  Instrum 
that  could  be  employed  for  a  more  detailed  Investigation  of  the 
transient  tone  of  deposit  formation. 

The  comparative  runs  of  CRC  fuels  showed  that  the  micro  coker  res- 
are  consistent  with  the  CRC  coker  data.  The  very  small  fuel  con¬ 
sumption  of  the  micro-coker  (3  ml/hr)  and  the  possibility  of  runn 
It  at  atmospheric  pressure,  make  It  a  simple  and  reliable  experlm 
al  device. 
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Figure  Comparison  of  Micro  Coker  and  CRC  Ratings 
on  Various  Fuels 


111 


IX.  REPERgKCBS 


1.  Sherwood.  T.  K.  and  Reld»  R.  C.«  "The  Prooertlee  of  Qaaes  an^ 

. Liquids r  NoOraw-Hlll  Publ.  Corp.«  N.  Y.  U95&)« 

2.  Johns,  X.  B.,  MoBlhill,  S.  A.,  and  Staith,  J.  0.,  Ind.  Bng.  Ct 
Prop.  Res,  and  Dev..  1,  2  (l9o2). 

3*  fabuss,  B.  M.,  Stalth,  J.  0.,  Lait,  R.  1.,  Boraanyl,  A.  S.,  ai 
Satterfield.  C.  N. .  Ind.  Sna.  Cham.  Prod.  Res.  and  Dev..  1.  i 
(1962). 

A.  Dlntses,  A.  I.,  Coapt.  rend,  aead.  scl.  USSR.  2,  153  (1933)* 

5.  Wntses,  A.  I.,  Pspekhi  Khln..  Z»  ^0^  (l?39). 

6.  Olntses,  A.  I.  and  Frost,  A.  V.,  J.  Pen.  Ch«n..  USSR.  2#  7^7 

7.  Frost,  A.  V.,  J.  Phvs.  Chem..  PSSR.  8,  290  (1936). 

8.  Steaole,  B.  W.  R.,  "Atomic  and  Free  Radical  Reactions,"  Relnl 
Publ.  Corp.,  N.  y.  (193^)>  P*  122. 

9.  Konovalov.  0.  S«  and  Mlgotlna,  B.  N.,  Zhur«  Prlklad.  Khlm. .  1— 
332  (1953). 

10.  Jost.  V.  and  Muffling.  L. .  Zeltschr*  f*  Blektrochem. .  47.  76( 

(1941).  : 

11.  Schultze,  0.  R.  and  Vassermann,  0  ,  Zeltschr.  f.  Blektrochem, 
41#  774  (1941). 

12.  Kasanaky,  B.  and  Plate,  A.  F.,  Ber..  67.  1023  (1934). 

13*  Kuchler,  L. ,  Trans.  Far.  Soc..  35.  874  (1939). 

14.  Pease,  R.  N.  and  Morton,  J.  M.,  J.  Am.  Chem.  Soc..  55.  3190 

15.  Bachman,  X.  C.,  Matthews,  B.  K.and  Zudkevltch,  D. , "Bvaluatloi 
hydrocarbon  Materials  as  Vaporizing  Fuels,"  ASO-TI^-62-254  (: 

16.  Smith,  J.  0.,  Fabuss,  B.  M.,  Borsanyl,  A.  S.,  and  Lalt,  R.  Ii 
"Evaluatlonr  of  Materials  as  Endothermic  Aviation  Fuels," 
ASD-TR-60-841,  Part  II  (196I). 

17 •'  Levensplel,  0.,  "Chemical  fteactlon  Bnglneerli^,"  John  Wiley  1 
Sons^  Inc«,  New  York  (1962). 

18.  Tlllcheev,  M.  D.,  Zhur.  Prlkl.  Khlm..  12,  735  (1939). 

19.  Mallnovekv.  M.  S.  and  Stovanovskaya.  Ya.  I..  J.  Applied  Chem 
PSSR.  1369  (1956). 


112 


21*  Tlllcheev,  11.  D.,  Zhur  Prikl.  Khla..  12,  105  {1929). 

^  22.  Voge,  H.  H.,  tnd  Good,  0.  M.,  J*  Mi.  Chea.  Soe.,  21*  593  (19^). 

25.  Pabu88,  B.  M.,  Kaf88jlan,  R.,  and  Stailth,  J.  0.,  unpubliahed 
data. 

24.  Tillchoev,  M.  D.  and  Zimina,  K.  I.,  Khlm  1  TBkhnol*  Topliva,^ 

Ho.  8,  25  (1956). 

1  25.  Panchenkov,  G.  N.  and  Baranov,  V.  Ya.,  Izvaat.  Waah.  TJeheb. 

\  Zaved.  Heft»  1  Gaz*  Ho.  1.  705  (1958). 

I  26.  Terrea,  B.  and  Gropenbacher,  G.,  Brdol  and  Kohla.  10*  28l  (1957) 

27.  Frey,  P.  E.  and  Hepp,  H.  J.,  Ind.  Eng.  Cham..  25.  44l  (1933). 

28.  Tropach,  H.  Thomaa,  C.  L. ,  and  Egloff,  G.,  Ind.  Bng.  Cham.. 

I  ^  324  (1936) 

29.  Hurd,  C.  D.,  and  Spence,  L.  V.  ,  J.  Am.  Cham.  Soe. .  51.  3353 

(1929). 

30.  Egloff,  G.,  and  Pariah,  C.  I.,  Cham.  Rev.,  l^,  145  (1936). 

31.  Dlntaea,  A.  I.  and  Kiablna,  Ta.,  1.  Zhum.  Obaheh.  Khlm..  2* 

1507  (19  ). 

^  32.  Hepp,  H.  J.  and  Prey,  P.  E.,  Ind.  Eng.  Chem.«  45.  4l0  (1953). 

\  33.  Steacle,  E.  W.  R.,  and  Puddlngton,  I.  E.,  Can.  J.  Raaearch. 

I  B16,  176  (1938). 

:  34.  Gonikberg,  N.  G. ,  Gravrilova,  A.  E.,  and  Kozanakll,  B.  A., 

^  Dokl.  Akad.  Hauk.  S.S.S.R..  89.  483  (1953). 

I 

I  35.  Gonikberg,  M  0.  and  Voevodakli,  V.  V.,  Izveat.  Akad.  Hauk 

I  S.S.S.R. .  Otdel.  Khlm.  Hauk.,  1954.  370. 

j 

36.  Koaalakoff,  A.  and  Rice,  P.  0.,  J,  Am.  Chem.  Soc..  65.  590 

(1943). 

)  37.  Proat,  A.  A.  and  Pearaon,  R.  0.,  "Klnetica  and  NeehanlAB" 

John  Wiley  and  Sona,  Inc.,  Hew  York,  Second  Edition  (196I), 

P.  252. 


38.  Stailth^  J.  0.,  et  al.«  "Evaluation  of  hydrocarbons  for  High 
Tanperature  Fusla«"  Technical  Documentary  Report  No.  WADC  TR- 
59-327*  Part  II,  Vol.  I*  Pteb.  1962. 

39*  Pabuas*  B.  N.*  et  al.,  "Research  on  the  Hechanlsm  of  Thermal 
Decomposition  of  hydrocarbon  Fuels."  Technical  Documentary 
Report  No.  ASD-TIXl-63**102«  Jan.  1963. 

40.  Minutes  of  the  Meeting  of  the  CRC-Aviation  Group  on  High 

Temperature  Stability  of  Fuels  for  High  Performance  Aircraft, 
April  3*  1961*  New  York  City. 


APFEKDDC 


SAMPLE  CALCULATIONS 

A.  RATE  CONSTANTS  OF  PURE  HYEROCARBQNS :  STATISTICAL  EVALUATION 

w  mTK - ^ - 

To  show  the  method  used  In  evaluating  the  experimental  data,  the 
complete  calculation  will  be  given  for  t-butylcyclohexane  shown 
In  Figure  2.  The  experimentally  determined  conversions  (x)  and 
the  calculated  rate  constants  .  1  i  v(58)  are  given  for  the  15 

> 

experiments  at  SOO^F  as  follows: 


Nt  Fraction* 

X 

lERRIlill 

ic.  hr-* 

Vt  Fraction* 

X 

t.  hr 

k.  hr-^ 

0.286 

2.0 

0.168 

0.629 

0.688 

8.5 

0.422 

3.5 

0.157 

10.5 

0.111 

0.476 

4.5 

0.144 

0.732 

11.5 

0.115 

0.505 

5.5 

0.750 

12.5 

0.111 

0.572 

6.5 

un 

13.0 

0.122 

0.558  . 

6.5 

16.1 

0.114 

0.622 

0.608 

7.5 

7.5 

0.130 

0.125 

0.901 

22.0 

0.105 

From  these  data 


N 

m 

15 

'k 

m 

1.903 

at 

9.384 

^kx 

a 

1.15383 

.  k* 

a 

6.25331 

0.24576 

X 

a 

0.626 

To  calculate  the  equation  k  «  a  bx  by  the  method  of  least  squares 


b 


N  kx-fk"  X 

Wx^-Txl^ 


-0.09586  (59) 


a 


k-b  'x 
— 


1.903  +  0.09586  x  9.384 
iT^ 


0.18683 


(60) 
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and  th«  aquation  ia 


k  »  0.187  -  O.096X 


for  X  a  0 

X  •  0.5 

X  a  1.0 


k  a  le^  .  0.187 

k  a  0.139 

k  a  0.091 


If  tha  abova  aquation  holds «  as  givan«per  cant  eonfidanea  liaits  fos 
tha  aaan  of  tha  k  valuas  of  all  individuals  having  a  particular 
X  valua  ara 


Yx  - 


(N-l)sr 


«hara  t  valuas  ara  raad  from  a  table  of  percentiles  of  the  t  dlstrll 
tlon  for  Ii-2  degrees  of  freedom  and 

and  in  our  ease 

g,  .  6-a?^gl-g.?8»»  .  0.41001 

g.  .  15.x  0.24g6-1.30?»  .  0.00464 

sj^j,  ■  tt(0*00464  -  0.09586*  x  0.41001)  -  0.00094 

1/2 

Sy^j,  -  (0.00094)  '  -  0.03C7 

t  -  1.771 
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^  -  ±^*Sy,x^  + 


+1.771  X  0.0307 


\Il  !  (x-0.626)* 

^5  rt  x  ifilOT 


-  +0.05437  \|o. 06667  +  0.17421  (x-0.626)*  (66) 

Using  these  equations,  the  k  values  are,  for  a  series  of  x  values. 


— 

X 

A 

k 

'Snax 

^In 

0.1 

0.3 

0.5 

0.7 

0.9 

+0.0184 

+0.0159 

+6.0144 

+0.0141 

+0.0153 

0.177 

0.159 

0.139 

0.120 

0.101 

0.196 

0.174 

0.154 

0.134 

0.116 

0.159 

0.142 

0.125 

0.106 

0.085 

This  means  that  on  the  basis  of  15  experimental  results  we  are 
95  per  cent  confident  that  the  mean  value  of  the  rate  constant  of 
decomposition  at  505^  conversion  Is  between  0.154  and  O.I25.  If 
we  repeat  this  experiment  with  another  series,  we  should  obtain 
another  set  of  limits  Instead  of  0.154  and  O.125.  In  the  long  run, 
95  per  cent  of  such  Intervals  would  cover  the  value  of  0.139.  This 
Is  the  interpretation  of  our  statement  of  the  degree  of  confidence. 

The  entire  calculation  was  carried  out  by  the  method  and  tables 
given  by  W.  T.  Dixon  and  P.  J.  Massey  "Introduction  to  Statistical 
Analysis"  Mcaraw-Hlll  Book  Co.,  N.  Y.  (1957). 

B.  RATE  CONSTANTS  OP  BINARY  HYDROCARBON  MIXTURES 

Problem 


To  calculate  the  decomposition  rate  of  a  255^  by  volume  decalln  (d) 
and  755^  n-Hexadecane  (h)  mixture  given  the  reaction  time  as  166.5 
hours  at  700®P  and  the  fractions  of  D  and  H  unreacted  as  0.7^9  and 
0.372,  respectively. 

Solution 

Assume  that  a  first-order  kinetic  equation  can  be  used 
the  overall  mixture  rate  using  the  Siam  of  the  residual 
n-hexadecane .  Then, 

■  IEI3  [ir?5'C3.r4)  +  0.75(6.375)1 

-  4.57  X  10“^hr“^ 


to  calculate 
decalln  and 


(57) 
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Problem 

Cadeulate  kpH  &  mixture  containing  23  vol-jt  decalln(D)  and 
75  vol-$^  n-Mxadecane  (h)  for  a  reaction  time  of  166.3  hours. 

*  •  ■  * 

Solution 

Prom  Table  22,  kp  -  1.07x10*^  and  kj  ■  88.6xl0“‘*hr“^.  Assuming 
Independent  decomposition  " 

for  decalln,  logp  -  —  ^5730^— -  0.00775 

D  -  0.982 

for  n-hexadecane,  logj  •  ^  “  0.64033 

H  •  0.229 

and* 


-  3«23xl0'®hr“^ 
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